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SUMMARY

A FORTRAN IV subprogram, WASP, was developed to calculate the thermodynamic

and transport properties of water and steam. The temperature range is from the triple

point to 1750 K, and the pressure range is from 0.1 to 100 MN/m 2 (1 to 1000 bars) for

the thermodynamic properties and to 50 MN/m 2 (500 bars) for thermal conductivity and

to 80 MN/m 2 (800 bars) for viscosity. WASP accepts any two of pressure, temperature,

and density as input conditions. In addition, pressure and either entropy or enthalpy are

also allowable input variables. This flexibility is especially useful in cycle analysis.

The properties available in any combination as output include temperature, density,

pressure, entropy, enthalpy, specific heats (Cp and Cv) , sonic velocity, (aP/aP)T,

(aP/aT)p, viscosity, thermal conductivity, surface tension, and the Laplace constant.

The subroutine structure is modular so that the user can choose only those subrou-

tines necessary to his calculations. Metastable calculations can also be made by using
WASP.

INTRODUCTION

Water is inert, inexpensive, and available. It is used for cooling equipment, for

heating or cooling other fluids, as a modeling fluid, and in many cases as the primary

test fluid in heat-transfer and fluid dynamics research.

Printed tables of water and steam properties have been available to the engineer for

many years, the latest accepted editions being references 1 and 2. Numerous computer

codes to interpolate these tables using a variety of curve-fit and interpolation techniques

are available. Many are cumbersome or lack the ability to calculate a consistent set of

properties for a given point in the fluid surface. Some are designed for specific uses

and do not include all the properties. A comprehensive, flexible, and internally con-

sistent computer code for water properties was needed at the Lewis Research Center.
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In determining the coefficients of equation (1), the temperature data were all ex-

pressed on the thermodynamic Celsius temperature scale. Since experimental observa-

tions for water , however, are usually reported in terms of the International Practical

Scale (the I. P. Scale), a lengthy discussion and a graph of the relation between the

I. P. Scale and the thermodynamic temperature scale are presented in reference 3.2

The critical constants of reference 3 differ from those presented in references 1

and 2 as follows:

Critical pressure,

Pc' MN/m2

Critical tempera-

ture, Tc, °C

Critical density,

Pc' g/cm3

Refer- References

ence 3 1 and 2

22. 12022.089

3 4.o2

0.317

374.15

0.31546

The temperatures in this table are on the I. P. Scale. The critical temperature T c of
reference 3 on the thermodynamic scale is 374. 136 ° C.

The WASP subprogram was developed to be used in fluid--flow and heat-transfer

calculations. There are independent calls for obtaining any one of the three state vari-

ables (pressure, density, and temperature) as a function of the other two (see table I,

OPERATIONS SHEET FOR SUBROUTINE WASP). In addition, temperature and all the

other properties can be obtained as a function of pressure and enthalpy (or pressure and

entropy). This option is of considerable value in forced-convection studies and cycle

analysis.

While enthalpy, entropy, and specific heats (Cp and Cv) are available in refer-

ence 3, the sonic velocity, viscosity, thermal conductivity, and surface tension were

not computed in reference 3. The sonic velocity, equation (B30), is defined in terms of

equation (1). The transport properties are discussed in the following section.

TRANSPORT PROPERTY CALCULATIONS

The thermal conductivity, viscosity, and surface tension are available in references

2Differences between the current conversion from Celsius to I.P. Scale and that of ref. 3

are small except at elevated temperatures. These deviations did not _varrant our reexamination
of equation (1).
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WASP is a FORTRAN IV subprogram developed for engineering calculations. The

thermodynamic properties are calculated by using the Helmholtz free-energy equation

developed by Keyes, Keenan, Hill, and Moore (ref. 3). The transport properties are

calculated by using curve fits given in references 1 and 2 in regions where these equa-

tions exist. The authors developed their own approximations based on the tabulated

values of references 1 and 2 where curve fits were not available.

The main section of this report is directed to the research-oriented user of WASP.

It includes a brief discussion of the equations used in calculating thermodynamic and

transport properties. Comparisons to the International Skeleton Tables and the validity

of transport calculations are also discussed. A detailed presentation of user instruc-

tions is included together with a tabular summary for later reference. Detailed informa-

tion about the computer program and the equations used are included as appendixes. The

symbols are defined in appendix A; the property equations of WASP are given in appen-

d.ix B; the important subroutines of WASP are described in appendix C; the modular de-

sign of WASP is presented in appendix D; the program listing and flow chart are pre-

sented in appendix E, the test program output in appendix F, the metastable subroutine

PMETAS in appendix G, and the thermodynamic relations and derivatives in appendix H.

THERMODYNAMIC CALCULATIONS

Keyes, Keenan, Hill, and Moore (ref. 3) fit the available experimental water and

steam data from the triple point to a pressure of 100 MN/m 2 and to a temperature of

about 1750 K, using the fundamental equation

: _(T, p)

= @0(T) + RT[In p + pQ(p, T)] (i)

where _ is the specific Helmholtz free energy and T = 1000/T. The specific forms of

h_0(T), Q(p,T), and the derivatives of Q(p, T) are presented in appendix B.

Most investigators (e.g., refs. 4 to 7), in order to represent their measured values

as closely as possible, have selected a modified virialequation of state

P = P(T, p)

6 2
2

: Z Ai(T)pi + Z Bj(T)p2j+le-cP

i=l j=l

(2)



where P is the pressure and the coefficients Ai(T ) and Bj(T) are usually polynomials
in T and T -1.

While the derivation of pressure from equation (1) is quite simple,

..TII .Q (3)

the ensuing expanded descriptions for both equations (2) and (3) are quite involved, see

appendix B and reference 8.

One should note the influence of the modified forms of the Benedict-Webb-Rubin

(BWR) equation of state (see refs. 4 to 6) and the more recent work of Bender (ref. 7)

on equation (1). (Compare the form of Q in eq. (B4) of appendix B with eq. (2).) The

authors of references 5 and 6 added new exponential terms to the BWR equation of refer-

ence 4 to account for high-density effects. The technique has been successfully applied

to several cryogens. More recently, Bender (ref. 7), in addition to these modifications,

imposed another constraint, namely that the Maxwell Phase Rule must be satisfied; the

constraint requires that the Gibbs free energy for the saturation liquid and vapor be

equal. This latter constraint, although not stated explicitly, is implicitly satisfied by

equation (1) (taken from ref. 3) because the Gibbs free energy of the saturated liquid and

vapor are "virtually identical. "

Both equations (1) and (2) have been fit by using a weighted least-squares technique

which minimizes the residuals in pressure subject to various constraints such as

,-,cT cT

at the thermodynamic critical point. Reference 3 cites 14 such constraints; usually, the

number is about one-half as many. However, the advantage of the reference 3 approach

is that $ as a function of p and T is a fundamental equation and all thermodynamic

properties are obtained directly from if/ and its derivatives. In equation (2), P as a

function of p and T is a state equation. In determining properties such as enthalpy,

entropy, and specific heats, the state equation must be differentiated and integrated and
1

the associated constants of integration must be determined from other data.

1 The mathemati('al form of the derived and integrated equations must be such that they do not
possess singularities except at the critical point.



In determining the coefficients of equation (1), the temperature data were all ex-
pressed on the thermodynamic Celsius temperature scale. Since experimental observa-
tions for water, however, are usually reported in terms of the International Practical
Scale (the I. P. Scale), a lengthy discussion and a graph of the relation betweenthe
I. P. Scale and the thermodynamic temperature scale are presented in reference 3.2

The critical constantsof reference 3 differ from thosepresented in references 1
and 2 as follows:

Critical pressure,

Pc' MN/m2

Critical tempera-

ture, Tc, °C

Critical density,

Pc' g/'cm3

Refer- References

ence 3 1 and 2

22.089

374.02

O. 317

22.120

374.15

0.31546

The temperatures in this table are on the I. P. Scale. The critical temperature T c of
reference 3 on the thermodynamic scale is 374. 136 ° C.

The WASP subprogram was developed to be used in fluid--flow and heat-transfer

calculations. There are independent calls for obtaining any one of the three state vari-

ables (pressure, density, and temperature) as a function of the other two (see table I,

OPERATIONS SHEET FOR SUBROUTINE WASP). In addition, temperature and all the

other properties can be obtained as a function of pressure and enthalpy (or pressure and

entropy). This option is of considerable value in forced-convection studies and cycle

analysis.

While enthalpy, entropy, and specific heats (Cp and Cv) are available in refer-
ence 3, the sonic velocity, viscosity, thermal conductivity, and surface tension were

not computed in reference 3. The sonic velocity, equation (B30), is defined in terms of

equation (1). The transport properties are discussed in the following section.

TRANSPORT PROPERTYCALCULATIONS

The thermal conductivity, viscosity, and surface tension are available in references

2Differences between the current conversion from Celsius to I.P. Scale and that of ref. 3

are small except at elevated temperatures. These deviations did not \_,arrant our reexamination
of equation (1).
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1 and 2, with the exception of a small region near the thermodynamic critical point for

thermal conductivity and a large region (573 to 647.3 K) for viscosity. For these re-

gions, the tabulated values of references 1 and 2 represent the output of some interpola-

tion scheme. However, no technique for predicting transport properties in these regions

is given in these references.

Viscosity and Thermal Conductivity

Reference 8 uses the simple empirical technique of reference 9 to express the vis-

cosity 77 and thermal conductivity 7, of several fluids. An excess function of density

is added to the dilute gas function of temperature T such that

P

77 = _}1 + AT} (4)

AF/ = T/- T/I= F(p)

T}I= F(T) at P = 0.1MN/m 2

(5)

(6)

and

x = h1 + AX (7)

AX = X - X1 = F(p)

X 1 = F(T) at P =0.1MN/m 2

(8)

(9)

We used this technique to obtain viscosity and thermal conductivity in the regions where

no equation existed in references 1 and 2.

The A_?'s shown in figure 1 were obtained from the tabulated and computed data in

references 1 and 2. These data were then extrapolated through the region where no fit

is available (region 4) to predict the viscosity in that region.

Figure 1 gives a good representation for viscosity over a considerably larger range

than 573 to 647.3 K, with deviations from the tabulated data up to 7 percent in some re-

gions and perhaps 10 percent in the critical region. References 1 and 2 list uncertainties

at +4 percent in those regions where the values were not interpolated, and no uncertain-

ties are given for the interpolated region. The analytical representations of viscosity

are given in appendix B.

The Ak's used to predict thermal conductivity were also obtained from the tabu-

lated and computed data of references 1 and 2. In this case the scatter is more acute



over a wide range of density becausethese dataare pressure sensitive andare not en-
tirely represented by excess thermal conductivity as a fanction of density, see figure 2.
While the curve of figure 2 represents a wider P,T range than the region where no
curve fit is available (region V) in figure 2, the A;t curve fit is used only in region V.

Generally, deviations to 8 percent in ;t-calculations can be found with respect to

the tabulated data. References 1 and 2 give the deviations as ±4 percent in regions

where curve fits exist, and no uncertainties are listed for the interpolated region. The

analytic forms for thermal conductivity are given in appendix B. In region IV (fig. 2)

the implicit equation for thermal conductivity from reference 2 is used. In region III an

explicit expression for thermal conductivity from reference 2 is used. These forms

were adopted over those of reference 1 because of their analytic nature.

The 0. 1-MN/m 2 thermal cond'activity and viscosity output from 700 to 1700 K was

checked against the results of Svehla (ref. 10). Svehla's viscosity is 5 to 10 percent

higher and his thermal conductivity is 10 to 15 percent higher than those predicted here-

in. Since the publishing of reference 10, Svehla has found that inclusion of a rotational

relaxation effect would lower his calculated viscosity perhaps 5 percent, and lower his

caiculated thermal conductivity perhaps 10 to 15 percent.

Near-Critical Thermal Conductivity

The anomalous behavior of thermal conductivity in the near-critical region was

measured by Le Neindre (ref. 11). Sengers (ref. 12) advanced a technique to predict

the behavior of near-critical thermal conductivity data for carbon dioxide. In refer-

ence 13, Sengers' technique was modified, extended to several fluids, and compared with

other methods. The technique used herein is the same as Sengers' technique as pre-

sented in reference 13, except that the proportionality constant, 3.05x10 -5 as given by

Sengers in reference 12, has been increased to 11.6×10 -5

THERMODYNAMIC AND TRANSPORT PROPERTY PLOTS

Sample plots of the properties calculated by WASP are found in figures 3 to 14.3

The triple temperature scales in these figures are to facilitate checking. Figure 3 rep-

resents density as a function of temperature for selected isobars, including the critical

isobar. No irregularities were found. Figure 4(a) represents the pressure as a func-

tion of temperature for selected isochores. These isochores exhibit distinct curvature

not only near the saturation boundaries but in the extended regions as well. The slopes

3Isobars which cross the saturation boundaries are parallel to isotherms. The plotting routine
simply connects increments in temperature.



of the isochores as a function of temperature are shownin figure 4(b), which reveals the
nonlinear character of most of the isochores of figure 4(a). Figure 5 represents the
pressure-volume (P-V) plane for selected isotherms. Local P-V regions could be
mappedby using WASPfor preliminary cycle analysis. Figure 6 represents enthalpyas
a function of temperature for selected isobars, including the critical isobar. Figure 7
represents the temperature-entropy (T-S) diagram for selected isobars. Again, local
T-S regions could be mappedby using WASPfor preliminary cycle analysis.

Figure 8 represents specific heatat constantpressure and figure 9Ca)represents
specific heat at constant volume for selected isobars, including the critical isobar. Note

the peaking effects in Cv along the critical isobar; this indicates a discontinuity in Cv,

as well as in Cp, along the critical isobar. This behavior agrees with the most recent
thinking on Cv in the critical region; namely, that Cv possesses a weak logarithmic
infinity (i. e., Cv _: IT - Tc I-0" 06, as discussed in ref. 14). In figure 9(b), the isen-

tropic expansioncoefficient (7 = Cp/C v) is given as a function of temperature for se-

lected isobars, including the critical isobar. Note that while Cp and C v tend toward

a discontinuity, so also does the ratio. The reason is that Cp possesses a very strong

( t I"infinity" at the critical point CpCC T- T c , where 1.2< fil < 1.35 and C v a

rather weak "infinity. " Consequently, in the critical region, y diverges approximately

as 'IT- T c -f12, where 1.1</32 _ 1.3.

Figure 10 gives sonic velocity as a function of temperature for selected isobars.

Sonic velocity tends toward zero, or at least a minimum, in the critical region Cc,

which also concurs with recent thinking because

Since C v diverges in a weak manner and (aP/aT)p is nonzero and finite, C c will ap-
proach zero in a weak manner.

Figure 11 represents a plot of viscosity as a function of temperature along selected

isobars, including the critical isobar. The discontinuities of this surface at 573 and

647 K are caused by the empirical nature of the curve fit (fig. 1), as discussed previ-

ously. This discontinuity is on the average less than 4 percent, which is the same order

of accuracy as presented in references 1 and 2.

Figure 12(a) represents thermal conductivity as a function of temperature along se-

lected isobars. In this report, an attempt has been made to include the anomalous be-

havior of thermal conductivity in the near-critical regions based on references 12, 13,

15, and 16. The behavior of the near-critical thermal conductivity is shown in fig-

ure 12(b). In order for the user to obtain these values, he must add EXCESSK, which

represents the anomalous part of the thermal conductivity, to the normally computed



value of thermal conductivity. SeeUSER'SGUIDE TO WASP, the statementCOMMON;
PROPTY/ .... Generally, the plots of _l and _ exhibit some irregularities where
the various predicting techniquesoverlap; however, for most applications the values re-
turned are within acceptable tolerance.

Figure 13 is a plot of surface tension _ and Laplace constant as a function of tem-
perature. Metastable conditions near both the liquid and vapor are often required in a
system analysis and canbe calculated by equation(1). A special subroutine is included
in appendixG which whenused with WASPwill give metastableproperties; sample plots
are shownas figure 14.

Other Thermodynamic Functions

WASP provides sufficient PVT and derived property data for most users; however,

if other functions are required, the user may calculate these by using the partial deriva-

tives (OP/OP)T and (OP/_T)p, along with the other results from WASP. Appendix H is
provided to give the user a handy reference to the so-called Bridgeman Tables which

list most of the interrelations between thermodynamic variables. (See pp. 36 and 64. )

Comparison Plots

Of utmost importance is how well equation (1), as used in WASP, agrees with the

International Skeleton Tables for steam and water (refs. 1 and 2). Figures 15 to 17 were

obtained by running all the data points listed in table 1.2 of reference 1 (see also table 4b

of ref. 2) on each of the three input options (T, P), (p, T), and (p, P) in WASP. Each of

the figures is discussed, but the careful reader should note that discrepancies exist in

the specific volumes presented in these two references. The authors noted four obvious

errors in reference 2 by comparing references 1 (table 1.2) and 2 (table 4b). Refer-

ence 1 was assumed to be correct. Other discrepancies occur in reference 2, for in-

stance in the specific heat Cp. No attempt was made to track all these errors, and the
reader should use reference 2 cautiously.

15 represents the percent relative error in density, [(Ptable -Figure Pcalc )/

Ptable ] x 100, as a function of density. With the exception of three points, all the

values are within +0.25 percent and -0.50 percent, and generally have an error of less

than 1 part in 3000. The solution for density is iterative, and perhaps the error could be

reduced somewhat by a tightening of the convergence criteria. This is not recommended

for two reasons: (1) It will require a great increase in computer time, and (2) errors in

these printed tables have been noted. The tolerance should be quite satisfactory to all

but the most critical user.



_,pFigure 16 represents the percent relative error in pressure, [, table Pcalc)/
Ptable]× 100, as a function of pressure. In all cases the calculated pressures are
within +3.0 percent and -2.0 percent of the tabulatedvalue; most points lie within +0.25
percent of the tabulatedvalue. The prediction of pressure at high density (low tempera-
tures) using a fundamental equationor a state equation is quite difficult. Thesepres-
sure errors are all within acceptedtolerances.

Figure 17 represents the percent relative error in temperature, [-(Ttabl e - Tcalc)/

Ttable] × 100, as a function of temperature. With the exception of about a dozen points,

the predicted temperatures are within +0.25 percent and -0.4 percent and generally lie

within ±0.1 percent.

Usually, temperature and density are predictable because of the manner in which

the data were acquired; however, pressure is always difficult to calculate. With these

basic guidelines in mind and figures 15 to 17, it can be said that the equation gives a

faithful representation of the International Skeleton Tables (refs. 1 and 2).

USER'S GUIDE TO WASP

The user with limited programming experience should have no difficulty in following

the operating instructions for WASP. After gaining a little experience with WASP, the

only references needed are table I (the operations sheet) and table II (the units specifica-

tion).

How WASP Handles Input/Output

WASP is a group of subroutines designed to be used as a subprogram with the user's

program. Standard communication between the user's program and WASP is achieved

by the following two FORTRAN statements, which contain the symbols representing the

input/output parameters and options:

COMMON/PROPTY/KU, DL, DV, HL, HV, etc.

CALL WASP (KS, KP, T, P, D, H, KR)

See table I and appendix A.

Three requirements must be fulfilled for a successful call to WASP:

(1) The cards for COMMON/PROPTY/KU, DL, DV, etc., must be included in the

user's main program or the subroutine that calls WASP. The WASP subprogram deck

must be correctly loaded with the user's program as shown in table III. The variables

MU, MUL, MUV, K, KL, and KV must be declared REAL. (K cannot be used as an

9



index for a subscripted variable. ) However, the user can changethe names of these
variables in COMMON/PROPTY/KU, DL, DV, etc., ....

(2) The units system for input/output must be correctly specified. KU is an input
control specified in the COMMON/PROPTY/KU, DL, DV, etc., which must be set such
that 1__<KU _<5. KU identifies the units system for input/output, and KU is never al-
tered by WASP. Therefore, unless the user switches from one system to another, he
needset his value for KU only once, before anycalls to subroutine WASP.

There are three specified units options described in table II. The option KU=I is
the internal program units system. The other two options are commonly used in en-
gineering calculations. If the user does not wish to use one of these options, he can
specify any desired units system for KU=4and KU=5, provided the conversion factors
for this system are stored by the user as directed in table II.

(3) The controls KR, KS, and KP, which tell WASPwhatvariables are to be used
as input and whatproperties are requested for output, must be correctly initialized in
the call statement for subroutine WASP. The corresponding input variables in the call
statement and COMMON/PROPTY/ . must also be correctly initialized.

KS and KR are controls that determine which of the variables T, P, D, H, or S or

combinations thereof are needed as thermodynamic input. KP is an input control which

specifies which properties are sought as output.

KR is also an output variable since it gives the correct region number for the vari-

ables in a specific call to WASP, as shown in the sketch in table I. Depending on the

input for KS and KP, the other possible output variables are T, P, D, H, and all of

COMMON/PROPTY/except the control KU.

As mentioned above, KR is both input and output and must be reset before each call

to WASP. The input options are

(a) KR=0 when user wishes WASP to determine a value for KR

(b) KR=I when user wishes saturation conditions 4

The output for KR will be

(a) KR=I for saturation

(b) KR=2 for liquid

(c) KR=3 for vapor

KS specifies which variables are to be used as input for a call to subroutine WASP.

(In the remaining discussion on WASP input/output, the input variables are assumed to

be in user's units specified by KU. Output is always returned in the KU system of units. )

4Saturation or coexistence conditions exist on the PVT surface when pressure is a function of

only temperature and the liquid and vapor states both exist at that pressure. Thus when KR=I,
two outputs for each property are available in COMMON/PROPTY/and only one independent
variable is required for some input options, as shown in the KS-KR input/output chart.
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The following table shows the input and output for all KS, KR combinations:

Thermodynamic

region specifica-

tion,

KR

State relation specification, KS

1 2 3 4 5

Input

0 T and P

1 T or pa

TandD P andD PandH P andS

T P P P

Output

1 T or pa, p T T, DL, DV T, DL, DV

DL and DV

2 D P T D and T D and T

3 D P T D and T D and T

air T is the desired input, set P = 0.0 prior to the call and vice versa. Then

WASP will return the correct saturation value for the 0.0 input. If both T

and P have an input value ¢ 0.0, WASP uses T but will not alter P input.

KP is an input control that specifies which derived and transport properties are re

quested by the user. It is the sum of the individual KP options and is described in ta-

ble I. This binary sum allows WASP to uniquely identify any combination of requests.

The following table shows the output locations for the specific KR and KP combinations:

Value added

to KP input

0

1

2

4

k.

8

16

Output for

KR=2 or 3

H

S

CP

CV

GAMMA

C

MU

K

SIGMA

ALC

Output for KR=I

Liquid Vapor

HL HV

SL SV

CPL CPV

CVL CVV

GAMMAL GAMMAV

CL CVP

MUL MUV

KL KV

SIGMA - - -

ALC ---

Name of calculated property

None requested

Enthalpy

Entropy

Specific heat at constant pressure

Specific heat at constant volume

Specific-heat ratio

Sonic velocity

Viscosity

Thermal conductivity

Surface tension of the liquid as a

function of temperature

Laplace constant as a function of

temperature
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Troubleshooting for User Errors

After experience with WASP, we have found that several common errors are easily
detected and corrected.

(1) Failure to set 1 _ KU _ 5 will cause a "division by 0.0" and/or no valid

answers. Set KU to its proper value.

(2) Failure to set 1 _< KS <_ 5 will most likely cause a halt to the program because

of an execution error. The branching on KS in subroutine WASP is a computed "GO

TO. " Simply set KS to its proper value.

(3) Failure to set KP will return enthalpy if KP is odd and no derived properties if
KP is even.

(4) If a wrong value is entered for KR, it is treated as KR=0. If a user enters

KR=I when he does not want saturation properties, he will get them anyway for T < T c

and otherwise will get a wrong answer.

(5) If any T, P, D, H, or S is entered incorrectly, that value will be used and the

answer will be wrong.

(6) If the COMMON/PROPTY/is duplicated incorrectly, there are a variety of pos-

sible errors, almost all serious.

Other small problems may be encountered if WASP is modified for different com-

pilers or computers. The FORTRAN IV coding in WASP is machine independent except

for a few Hollerith format statements which can be easily changed. The reader who

needs more detailed information should read the appendixes.

Additional Information

The approximate core storage for the complete WASP program is (14650)8 = (6568)10
locations.

The time estimates were obtained by running an average of 100 calls over the entire

PVT range for each option indicated. The shortest call was for pressure, KS=2, at an

average of 4 milliseconds per call for T > T c and 17 milliseconds for T _ T c. The

call for density, KS = 1, varied from 17 to 40 milliseconds for all regions, with the

greatest time being consumed in the near-critical region. The call for temperature,

KS=3, varied from 11 to 70 milliseconds per call, with the least time used when P > P
c

and the most time used in the near-critical region. The call for density and all the de-

rived properties, KS=I and KP=63, varied from 38 to 120 milliseconds per call depend-

ing on the density call and the regions for the transport properties.

The P, H and P, S calls, KS=4 and KS=5, each required from 300 to 800 milliseconds

per call, with the greatest time in the near-critical region. These results are sum-

marized as follows:
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Staterelation specification, KS

Thermodynamic and transport properties specification, KP

o 0101010[63
Time, msec/call

17to40 I 4to17 [lltoT0 I 300 to 8001300 to S00138 to 120

Problems Previously Encountered When Converting to Non-IBM Machines

or Different FORTRAN IV - FORTRAN V Compilers

The problems encountered in converting to different equipment are as follows:

(1) IBM 360 users should run in double precision by inserting implicit REAL*8

(A-H, O-Z) and REAL.8 MU, MUL, MUV, K, KL, KV in subroutine WASP and implicit

REAL*8 (A-H, O-Z) in all other subroutines. Change COMMON/PROPTY/KU, KZ, DL,

DV, etc., for proper alinement.

(2) Data statements are found in subroutines BLOCK DATA, THERM, VISC, and

SURF. Many compilers differ in formating data statements.

(3) The multiple-entry routine (CHECK, TCHECK, PCHECK, DCHECK) has an en-

try point, DCHECK, whose input vector (KU, D) does not correspond in kind and number

with the other entry points (KU, KR, T) or (KU, KR, P). To our knowledge this has

caused a problem on only one compiler, a FORTRAN IV for a CDC 3800. It was easily

remedied by an equivalence statement.

The authors adapted the code to fit the following compilers and machines: UNIVAC

1108, CDC 3600, CDC 6600, IBM 360/67TSS, and IBM 7094-7044 DCS.

Lewis Research Center,

National Aeronautics and Space Administration,

Cleveland, Ohio, April 26, 1973,

502-04.
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APPENDIX A

SYMBOLS

Mathemat-

ical

symbol

FORTRAN

symbol 5

A.. A(I, J)
1]

ALC

c C

CL

CVP

C 1 SIC 1_

C 5 SIC5J

Cp CP

CPL

CPV

C v CV

CVL

CVV

D 1 CPSI TM

D 7 CPS7

E E

H H

HL

Definition

coefficients of terms in Q-function (see table IV)

Laplace constant

sonic velocity, cm/sec

sonic velocity of saturated liquid, cm/sec

sonic velocity of saturated gas, cm/sec

coefficients of terms in @0 function (see table IV)

specific heat at constant pressure, J/(g)(K)

specific heat Cp of saturated liquid, J/(g)(K)

specific heat Cp of saturated vapor, J/(g)(K)

specific heat at constant volume, J/(g)(K)

specific heat Cv of saturated liquid, J/(g)(K)

specific heat C v of saturated vapor, J/(g)(K)

coefficients for vapor pressure curve (see table IV)

E =4.8

enthalpy, J/g

enthalpy of saturated liquid, J/g

5Symbols used in each individual subroutine are identified in that subroutine (see appendi× C).
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P

Q

R

S

T

u

Y

P

PL

PV

PR

%

(I

I000
T -

T

HV

KP

KR

KS

KU

P

QCALC

R

S

SL

SV

T

GAMMA

GAMMAL

GAIVIMAV

MU

MUL

MUV

K

KL

KV

D

DL

DV

RHOA

RHOB

SIGMA

TAU

enthalpy of saturated vapor, J/g

thermodynamic and transport properties specification

thermodynamic region specification

state relation specification

units specification

pressure, MN/m 2

data-fitting function

specific gas constant for water, 0. 46151 J/(g)(K)

entropy, J/(g)(K)

entropy of saturated liquid, J/(g)(K)

entropy of saturated vapor, J/(g)(K)

temperature, K

internal energy, J/g

ratio of specific heats, Cp/C v

ratio of specific heats for saturated liquid

ratio of specific heats for saturated vapor

dynamic viscosity, g/(cm}(sec}

dynamic viscosity of saturated liquid, g/(cm)(sec)

dynalnic

thermal

thermal

thermal

viscosity of saturated vapor, g/(cm)(sec)

conductivity, W/(cm)(K)

conductivity of saturated liquid, W/(cm)(K)

conductivity of saturated vapor, W/(cm)(K)

density, g/cm 3

density of saturated liquid, g/cm 3

density of saturated vapor, g/cm 3

constant used in Q-function, Pa

constant used in Q-function, Pb

surface tension, dyne/cm

temperature parameter, K'I

= 0. 634

=1.0
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T a

T c

_/o

d* o

dT

P/
7"

OP2Jr

O2Q

87 8p

TAUA

TAUC

PSI

PSI0

PSIT

QTD

QDT

Q2T213

Q2D2T

Q2DT

constant used in Q-function, 7 a = 2.5

1000 divided by critical temperature expressed in kelvin

Helmholtz free energy, J/g

reference function, J/g

partial derivatives used in evaluating _ and its derivatives
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APPENDIX B

PROPERTYEQUATIONS OF WASP

The equations used in WASP were those taken from Keyes, Keenan, Hill, and Moore

(ref. 3), Schmidt (ref. 2) and the ASME Steam Tables (ref. 1) and those developed by the

authors.

FUNDAMENTAL EQUATION

The basic equation of WASP expresses the Helmholtz free energy in terms of p

and T,

¢ = _(p, T) (B1)

whereas the equation of state is usually expressed as

P = P(p, T) (B2)

Equation (B1) is complete inasmuch as the required thermodynamic functions are deriva-

tives of _ and undetermined constants and/or functions are not required. For example,

specific heat at "zero" pressure Cp0 , which is a function of temperature, is not re-

quired in the _-form; however, in the P-form (eq. (B2)), Cp0 is required to obtain
entropy, enthalpy, and specific heats.

When equation (B1) is expanded, _ becomes

_h : _0(T) + RT[ln p + pQ(p, _)] (B3)

where

8

Q = _ Ail(P - Pa )i-1 + e-EP(A9, 1 + A10, I p)
i=l

+(T - T c) _ (T - l"a)J-2 Aij(P -
j=2 i=l

pb )i-1 + + A10jP) I_ (B4)e-EP(A9j
JJ
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_h0(T)= C1 + C2T + C3T2 + (C4 + CsT)ln T (B5)

1000 1
T - K- (B6)

T

Pa = 0.634 g/em 3 )

Pb = I.0 g/cm 3

-I
_-a =2.5 K

_'e = 1. 544912 K- 1

E =4.8 em3/g

R = 0.46151 J/(g)(K)

(B7)

and the constants C1, ., C 5 and Aij are given in table IV.

DERIVATIVES OF Q

The derivatives of Q are required to evaluate any of the thermodynamic properties:

= 'Ii _-_=2(_ - Ta)j-2 Ii _-_=1AiJ(P - pb)i- I + e-EP(A9j + Al0jP)]l

+ (T - Tc) Z (j - 2)(T - Ta )j-3 _ Aij(P - Pb )i-1

k] =3 =i
+ e-EP(A9j + A10jP)lt (BS)

8

Z
i=2

(i - 1)Ail( p - pa )i-2 + e-EP [-E(A9, 1 + A10, 1p) + A10, 1]

+ (T - T C (i - 1)Aij(P - pb )i-2
+ e-EP[-(A9j+ A10jp)E+ AIOj]t/

(B_j
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8p aT
= Z (7 - _'a )j-2 (i - l)Aij( p - + e-EP( - EA9j - EpAI0 j + AI0 j

j--2 U=2

+ (T - Tc) (j - 2)(T - Ta)J'3 (i - 1)Aij(p - pb )i-2 + e-EP( - EA9j

Lj=3

II
-ZA_o? +A_0j)J]

(BI0)

(_2Q_ :_ Ail (i" 1)(i-2)(p-pa)i'3+e-ZPIE- EA9, 1+ A10, 1(2- Ep)](- E)}

+ (_-%)
li_( _ Ta)J-2_-_ %)i-3

- Aij(i- 1)(i- 2)(p -

=2 (i=3
+ e-EP E- EA9j + A10j (2 " Ep)](- E))I

(BII)

+ (_-- Tc) (j- 2)(j- 3)(T -

Lj=4
Ta )j-4 li=_l Aij (p - pb)i-1 + e-EP(A9j + AI0jP)I 1

(B12)

THERMODYNAMIC PROPERTIES

The derivatives of _ give all the functions necessary to obtain the thermodynamic

properties.

Pressure and Its Derivatives

p =p2 =p2 =pR i000 +pQ+ (B13)
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T

(B14)

(B15)

1000
P

(B16)

Enthalpy and Its Derivatives

1)
H=u+--

P
(B17)

H (B18)

H __

[_ d_._] t000R
o + looo ap()_.Q]-T +

\aT/p T

(B19)

where the first term of equation (B19) is the internal energy u.

(B20:
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P
d2_p0 11

+R

dT 2 + pQ + [-_-p/
T

7p _- (B21)

(B22)

Entropy

(B23)

S=- R{tn p + p[Q- TI _---Q)p]],d_0_-r - _T (B24)

Constant volume:

Specific Heats

(B25)

Constant pressure:

Cv=- rl_o72(a__ + d2qjq _

[ \,.'./,
(B26)

'/aP\
i i

\ op / T
, °

(B27)
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"Isentropic" expansioncoefficient:

Cv
(B28)

Sonic Velocity

(B29)

(B30)

Vapor Pressure Curve

7

lOgl0 P = (1 + D1) +_-'_

j=3

Dj(T - 273.15) j +
D2

T - 273.15
(B31)

where the original data are in bars and °C whereas pressure and temperature in the pro-

gram are in MN/m 2 and K, hence the forms (1 + D1) and (T - 273.15).

TRANSPORTPROPERTIES

The transport property equations are not as concisely defined as the fundamental

equation. The transport maps for viscosity and thermal conductivity are broken into

several regions, as shown in sketches a and b, respectively, and individual curve fits

are presented for each. Also, several regions are void of description as they exist in

references 1 and 2.
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¢-Re(Jion 1

_,_0. 1 MN/m__Region2 2

I I n-

573 Tc

Temperature, T, K

(a)

ion I

egion IV

RegionTII

I c

Temperature, T, K

(b)

Viscosity

Atmospheric pressure. For P = 0. I MN/m 2 and 373.15 K < T < 973.15 K,

xlO-6 (B32)

Region I. - For Psat < p < 80MN/m 2 and 273.15K< T< 573. 15 K,

10 -6 a I fl--- x
c Pc// 4 c a

(B33)

Re_ion2. - For 0.1MN/m 2< P< Psat and 373.15 K< T< 573.15K,

r/= - c T__ c3 x

pcL c
(B34)

Region 3. - For 0.1MN/m 2 < P< 80MN/m 2 and 648.15 K< T< 1073.15 K,

(B35)
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Region 4. - Tabulated values of viscosity in region 4, as well as computed values of

viscosity at equivalent densities, were plotted as per figure 1. The resulting curve

gives an accurate representation of these data, with the exception of those values along

the saturation locus in the near-critical region. As can be seen, deviations of up to

7 percent, and 10 percent at the critical point, are common.

"x

k= 1 for P/Pc <- 4/3

Jk= 2 for P/Pc > 4/3

(B36)

_? =_1 +_
i0Y

0.0192
(B37)

where

y --c5_x4+c4,,x3 +c3kx2+c 2kx+Clk (B38)

X= lOgl0<p_cc )
(B39)

The following coefficients are used in the viscosity equations:

aI = 241.4

a2 = 0.3828209486

a3 = 0.2162830218

a4 = 0.1498693949

a 5 = 0. 4711880117

b 1 = 263.4511

b 2 = 0.4219836243

b 3 = 80.4

c I = 586.1198738

c 2 = 1204.753943

c 3 = 0.4219836243

d I = 111.3564669

d 2 = 67.32080129

d 3 = 3.205147019
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For k=2_

Clk = -6.4556581

C2k = 1.3949436

C3k = 0.30259083

C4k = 0.10960682

C5k = 0.015230031

Clk = -6.4608381

C2k = 1.6163321

C3k = 0.07097705

C4k = -13.938

C5k = 30.119832

Thermal Conductivity

Atmospheric pressure. - For P = 0.1 MN/m 2

kl = (17.6 + 0.0587 t + 1.04x10 -4 t 2

where

and 373.15 K < T < 973.15 K,

_ 4.51×10 -8 t3_ × 10-5
#

t =T- 273.15

Psat < p < 50.0MN/m 2 and 273.15K< T<623.15K,Region I. For

k ={$1 +(P-Psat_{Spc I 2 +(P ":Psat/s3]_l_×lO-2pc/ ]J

(B40)

(B41)

(B42)
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where

$I=

4

i=0

(B43)

$2=

3

i=0

(B44)

Region II.

(in K):

3

iWe/
i=0

- For the following ranges of pressure (in MN/m 2) and temperature

(B45)

0. I < P <_ 17.5 and Tsa t

17.5 <_ P__ 22.5 and

22.5< P_< 27.5 and

27.5< P_< 35.0 and

35.0 < P _< 45.0 and

45.0< P_< 50.0 and

< T<: 973.15

673. 15 < T < 973. 15

698. 15 < T < 973.15

723.15 < T < 973. 15

773. 15 < T <_973. 15

823. 15 < T < 973. 15

thermal conductivity is

)_= I)_1 + (103.51 + 0.4198 t - 2.771×10 -5 t2)p +

L 2.1482×1014t4"2 p2I
x 10-5 (B46)

where

t= T- 273.15 (B47)
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Re_ion III. - If the (P, T) is not in region II (see eq. (B54)) but P < 50 MN/m 2 and

373. 15 K < T < 973. 15 K, then the following should be used:

1 + d34/_c) -12

d T

(B48)

1©A = a 3 + a32 (B49)

b31 (_c)1.63

B = (B50)

(_c) l. 5
c31 + c32

C=
B - c33 (B51)

Region IV. - If the (P, T) is not in region III (see eq. (B54)) but P < 50 MN/m 2 and

T _ 623. 15 K, then the following should be used:

8 8

i=0 i=0

(B52)

where

k = 100 ;t (B53)

The solution for k is iterative. And
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2

i=0

(B54)

is theboundary of region III-IV.
Region V. - In region V, tabulated values of thermal conductivity as well as com-

puted values of thermal conductivity at equivalent densities were plotted as per figure 2.

The resulting curve gives a good representation of the tabulated values, except along

the saturation locus. However, deviations up to 8 percent, and 10 percent near critical,

can be expected as listed in the table. These tabulated data and this curve fit do not in-

clude the anomalous behavior of thermal conductivity in the near-critical region.

k= 1 for -P--_ 2.5 (B55)

Pc

k= 2 for fl-- > 2.5 (B56)

Pc

_t = _t1 + 10 Y (B57)

where

y = C5kX4 + C4k X3 + C3k X2 + C2kX + C1 k (B58)

and

(B59)
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The constantsused in equation(B58) are as follows:

For k = 1,

.Pot k = 2,

Clk = -0. 5786154

C2k = 1. 4574646404

C3k = 0. 17006978

C4k = 0. 1334805

C5k = 0.032783991

Clk = -0.70859254

C2k = 0. 94131399

C3k = 0. 064264434

C4k = 1.85363188

C5k = 1. 98065901

The following coefficients are used in the equations for thermal conductivity:

a 0 = -0.92247

a 1 = 6.728934102

a 2 = -10.11230521

a 3 = 6.996953832

a 4 = -2.31606251

a31 = 0.01012472978

a32 = 0.05141900883

a40 = 1.365350409

a41 = -4.802941449

b 0 = -0.20954276

b 1 = 1.320227345

b 2 = -2.485904388

b 3 = 1.517081933

b31 = 6.637426916N105

b32 = 1.388806409

b40 = 1.514476538

b41 = -19.58487269

b42 = 113.6782784
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a42 = 23.60292291

a43 = -51.44066584

a44 = 38.86072609

a45 = 33.47617334

a46 = -101.0369288

a47 = 101.2258396

a48 = -45.69066893

co = 0.08104183147

c 1 = -0.4513858027

c 2 = 0.8057261332

c 3 = -0.4668315566

c31 = 3.388557894x105

c32 = 576.8

c33 = 0.206

c40 = 1.017179024

b43 = -327. 0035653

b44 = 397. 3645617

b45 = 96. 82365169

b46 = -703.0682926

b47 = 542.9942625

b48 = -85.66878481

d31 = 2.100200454×10-6

d32 = 23.94

d33 = 3.458

d34 = 13.6323539

d35 = 0.0136

d36 = 7.8526x10-3

e I = 50.60225796

e 2 = -105.6677634

e3 = 55.96905687

Thermal Conductivity - Anomalous Region

The Senger technique (ref. 12) as modified in reference 13 and again herein is cal-

culated for 0.4_< P/Pc -< 1.6. Let

0.35
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and XF represent the nonanomalousor frozen thermal conductivity.

, 11.6xlO- 5
_-_F =

I1.71
fL 1 _2__

Pc

For x_ < o.4,

(B60)

For X/3 > 3,

For 0.4-<X 13_ 3,

-_,F =

11.6×10 -5

6
(B61)

k-kF=

11.6x10 -5 10X0
(B62)

where

4

X 0 = _ ai _i (B63)

= loglo X B

and

a 0 = -0. 17384732

a 1 = 0. 82350372

a 2 = -1. 55213983

a 3 = -0.12626138

a 4 = 2.83922425
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Surface Tension and the Laplace Constant

Surface tension is given by

0 _ __

al(T _ Tc )2 5

1 - 0.83(T- T c) i=2
+ _ ai(T - Tc)i

where

The Laplace constant is

where g is the local acceleration.

a 1 = 0.1160936807

a 2 = 1.121404688x10 -3

a 3 = 5.75280518x10 -6

a 4 = 1.28627465x10 -8

-11
a 5 = 1.149719240x10

L=
(PL PV )

If g is the acceleration of gravity,

g = 980. 665 cm/sec 2

(B64)

(B65)

(B66)
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APPENDIX C

DESCRIPTION OF IMPORTANT SUBROUTINES IN WASP

This appendix includes a discussion of the input/output and important features of

the major subroutines in WASP. The method of solution used for the equations is indi-

cated. The equation numbers refer to equations presented in appendix B. The FOR-

TRAN IV variables mentioned correspond to the program listing in appendix E. The

shorter subroutines not included in appendix C are completely described by comments in

the listing in appendix E. Subroutine WASP has been described in the main text, in ta-

bles I and II; hence, the reader is assumed to be familiar with subroutine WASP.

MATHEMATICAL ROUTINES

The mathematical routines are as follows:

(I) Function SOLVE (X1, F, DF): This routine performs a Newton-Raphson itera-

tion given the initial estimate X1, the function F, and the derivative function DF. The

is determined when I(XN - XN_I)/XNI < TOL. The value of TOL is 1. E-5convergence

for iterations 1 to 40, 1. E-4for 41 to 60, 1. E-3 for 61 to 80, and 1. E-2for 81 to 100.

In all cases studied the convergence was usually obtained in fewer than 40 iterations.

For the exceptions, usually in the near-critical region of the PVT surface, the values

returned with the increased tolerance are the best obtainable using equation (B3). The

maximum number of iterations is 100, and an appropriate message is written if this

number is reached.

(2) Subroutines ROOT (X0, X2, FOFX, FUNC, X1) and ROOTX (X0, X2, FOFX,

FUNC, X1): These two routines are identical except for name. The duplication is nec-

essary for the double iterations in the solutions for temperature and density given pres-

sure and enthalpy (KS=4) or pressure and entropy (KS=5) as input. (See also table I. )

The solution method is a modified haLf-interval search technique for a monotonic

function, FUNC, with a root between X0 and X2 such that FUNC(X1) = FOFX where X1

is the answer returned. The number of iterations does not exceed 100, and the tolerance

is varied in the same manner as in function SOLVE. In addition, both the root and the

function value FUNC(X1) must meet a tolerance. While the tolerance on X1 is TOL, the

tolerance on FUNC(X1) is 10*TOL. Error messages are written when the iterations

reach 100 or when there is no solution in the interval X0 to X2.
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Q-FUNCrlONS

These routines use D and TAU in program units of KU=I. Entry points with TAU as

input indicate an iteration where D is known, while entry points with ]3 and TAU as input

are used in solving for D and in calculating all derived properties.

The Q-functions are as follows:

(1) Function QMUST(D) calculates summation terms involving D needed by other

Q-functions and stores them in COMMON/QAUX/ and/QSI/. ENTRY QMUST2(TAU)

calculates summation terms involving TAU and stores them in/QAUX/.

(2) Function QCALC(TAU) calculates equation (B4).

(3) Function

(4) Function

(5) Function

(6) Function

(7) Function

QTD(TAU) calculates equation (BS).

ODTA(TAU) and ENTRY QDT(D, TAU) calculate equation (B9).

O2DTA(TAU) and ENTRY O2DT(D, TAU) calculate equation (B10).

O2D2TA(TAU) and ENTRY O2D2T(D, TAU) calculate equation (Bll).

O2T2D(TAU) calculates equation (B12).

FUNCTION CHECK

Function CHECK includes

(1) ENTRY TCHECK (KU, KR, T)

(2) ENTRY PCHECK (KU, KR, P)

(3) ENTRY DCHECK (KU, D)

These entry points convert the variables from the user's units to the program's

units, represented by KU=I, and check for out-of-range variables. Appropriate mes-

sages are written for any out-of-range input, but the calculation is allowed to continue.

The following subroutines use the mathematical routines, the Q-functions, function

CHECK, and the subroutines listed with each in table V. The use of these subroutines

is determined by the KS and KP options (see table I) and are called by subroutine WASP.

If a user wants to use only a few of these subroutines, he can disassemble the WASP

program by following the instructions in appendix D and the discussion for the routine of

interest. Subroutine WASP uses the temperature parameter TAU (in user's units) for

input to the subroutines. All the derived thermodynamic property and transport property

subroutines assume that TAU, P, and D have been previously calculated. These sub-

routines are called twice by WASP for saturation properties, once with DL and once with

DV as input for D.
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SUBROUTINES TO OBTAIN STATE VARIABLES (KS OPTIONS)

The subroutines used to obtain the state variables are as follows:

(1) Subroutine DENS (KU, TAU, P, D, DL, DV, KR): This routine solves equa-

tion (B13) for the density, given TAU and P in units indicated by KU. The region num-

ber (KR) is returned, and the density is returned in D for KR=2 or KR=3. For KR=I,

the saturation values are returned in DL and DV. If KR=I for input and either TAU=0

or P=0 for input, the saturated value is calculated and returned for the variable which

was input as 0.

The solution is obtained by ROOT for subcritical pressures and by SOLVE for sat-

uration or supercritical pressures. Special initial estimates were found necessary for

convergence near subcritical temperatures with SOLVE and for the interval used by

ROOT in the region P > Pc and 373.15 K< T<453.15 K(100 °C <t < 180 °C).

(2) Subroutine PRESS (KU, TAU, D, P, KR): This routine calculates pressure

(eq. (B13)) as a function of TAU and D in regions KR=2 and KR=3 and as a function of

TAU only in region KR=I (using subroutine PSSS). The result, P, is returned in user's

units indicated by KU. The correct value of KR is also returned and the calculation is

direct.

(3) Subroutine TEMP (KU, P, D, TAU, KR): This routine solves equation (B13) for

the temperature parameter TAU, given P and D in user's units specified by KU. In re-

gions KR=2 and KR=3, SOLVE is used to obtain the solution. In region KR=I, which is

either input or determined, TAU is a function of P only and is obtained from subroutine

TSS by solving equation (B31) for TAU. Subroutine TSS also uses SOLVE. The correct

KR is returned.

(4) Subroutine TEMPPH (KU, P, H, TAU, D, DL, DV, KR): This routine solves

equation (B13) by using equation (BZ0) for the temperature parameter TAU and density D,

given P and H as input in user's units indicated by KU. The double iteration is per-

formed by using ROOT and ROOTX with function TSHF for regions KR=2 and KR=3. In

region KR=I, the saturation values are determined for DL and DV by DENS, and TAU is

found by function TSS (using SOLVE). KR is also returned.

(5) Subroutine TEMPPS (KU, P, S, TAU, D, DL, DV, KR): This routine solves

equations (B13) and (B24) for TAU and ]3 in the same manner as TEMPPH, using P

and S as input and function TPSF for the double iteration with ROOT and ROOTX.

SUBROUTINES TO OBTAIN DERIVED THERMODYNAMIC PROPERTIES

The subroutines used to obtain derived thermodynamic properties assume that the

variables TAU and D have been input or previously calculated in the user's units. This

condition is satisfied in subroutine WASP. When KR=I is input or has been so deter-
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mined, subroutine WASPmakes two calls to eachroutine, onceusing DL and onceDV
for input D; and the corresponding saturated variable is output [-(HL, SL, etc. ), (HV,

SV, etc. )].

These subroutines are as follows:

(1) Subroutine ENTH (KU, TAU, D, H): This routine calculates enthalpy H in

user's units (KU) by using equation (B20).

(2) Subroutine ENT (KU, TAU, D, S): This routine calculates entropy S in user's

units (KU) by using equation (B24).

(3) Subroutine CPPRL (KU, TAU, D, CP, CV, GAMMA, C): This routine calculates

the following in user's units indicated by KU:

(a) Specific heat at constant pressure, CP, eq. (B27)

(b) Specific heat at constant volume, CV, eq. (B26)

(c) Specific-heat ratio, GAMMA, eq. (B28)

(d) Sonic velocity, C, eq. (B30)

In addition, the first partial derivatives of P are calculated and returned in COMMON/

PARTLS/PTV, PDT in the units of KU=I only. PTV is equation (B16) and PDT is equa-

tion (B14).

SUBROUTINES TO OBTAIN TRANSPORT PROPERTIES

The three routines used to obtain the transport properties assume that the input

variables for pressure and density and the temperature parameter -r are all available

in user's units. They are called twice by WASP for saturation conditions, once with DL

and once with DV as input for density DIN.

(1) Subroutine VISC (KU, KR, TIN, PIN, DIN, SVISC): This routine uses TIN, PIN,

and DIN as input in user's units KU. Dynamic viscosity, SVISC, is calculated by using

one or more of equations (B32) to (B39), depending on the region of the input variables

as shown in figure 1 and explained in appendix B. All calculations of dynamic viscosity

are direct evaluations of curve fits.

(2) Subroutine THERM (KU, KR, TIN, PIN, DIN, EXCESK, TCOND): This routine

uses TIN, PIN, and DIN in user's units KU to calculate the thermal conductivity TCOND

in user's units KU. An optional coding section calculates the critical excess thermal

conductivity associated with the critical anomaly in the PVT region, 0.6 _ P/Pc _ 1.4

and 0.9 _ T/T c _ 1.1. See also references 12, 13, and 15 and the subroutine listing

in appendix E.

The equations used for thermal conductivity are (B-_0) to (B59) for the different re-

gions as shown in figure 2. The equation for region IV (eq. (B52)) is iterative. The

thermal conductivity for the other regions is calculated by direct evaluation of curve fits.
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(3) Subroutine SURF (KU, K.R, TIN, SURFT): This routine uses TIN, the input

temperature parameter, in user's units, to calculate both the surface tension of liquid

water and the Laplace constant. The calculated surface tension is returned in SURFT,

and the Laplace constant (ALC) is returned in COMMON/LAPLAC/ALC. The statement

COMMON/LAPLAC/ALC must appear in the user's calling routine if the Laplace con-

stant is desired.
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APPENDIX D

MODULAR DESIGN OF WASP

A user with limited core storage or with specific property needs may wish to use

only parts of WASP. The subroutines have been coded so that most of the subroutines

corresponding to the "KP option" requests may be removed without causing errors in

logic or calculations. Table V indicates which routines are absolutely necessary and

which are optional. The conditions for removal must be strictly followed. For sim-

plicity, the KP options are discussed as though only one option was being requested. In

reality, the input variable KP is always the summation of the KP option variables. To

modify a statement number in subroutine WASP, simply replace it with a continue

statement of the same number. For example, to remove the viscosity option, remove

subroutine VISC. In subroutine WASP, alteration would read as follows:

160 CONTINUE

170 DO175 I=l, 32

If the user wishes to omit many options, he should rewrite subroutine WASP for effi-

ciency.
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APPENDIX E

PROGRAM LISTINGAND FLOW CHART FOR SUBROUTINE WASP

PROGRAM LISTING

tlHFTC ACUA

._LsI_RNUTINE _ASP I_S,KP,TTtP,O,H,KR)
(_ KEYFS KENNAN HILL MOORE EQUATION OF STATE FOR _¢ATER
C VERSION MARCH 1,1S12 .....
(

C CO_4PUTE THE STATE RELATIOI_S AND THERMODYNAMIC AND TKANSPORT
C PRNPERTIES OF WATER GIVEN TEMPERATURE TT, PRESSURE P,
C CENSITY 0, OR ENTHALPY H, OR ENTROPY S. STATE RELATIONS ARE
C SPFCIFIEO BY K.S,, THERMOUYNAMIC ANU TRANSPORT PROPERTIES
C ARE SPECIFIED 8Y KP,, IF KR IS RETURNED OR SPECIFIED AS it
C PRIIPFRTIES ARE-C,I]MPUTEU AT SATURATION,,
C

COW_N/PROPIYI KU,OL,OV ,HL ,HV, $, SL, SV, CV,CVL ,CVV,CP,CPL ,CPV,GAMNA,
1GAMMAL ,(;AMMAV, C,C_. tCVPeMU e MUL , MUV, KtKL tKVt S[ GMA, EXCL i E XCV, E XC ESK

RESL MU,WUL ,MUVeK.tKL ,KV

ClgMMON ICHECKS IOCH|, DCH2, PCH 1, PCH2, PCH_ e TCHI iTCH2 t TC H3 ,DST _T ST t H
I._ChleHSCH2

IAU IS Ti_E TEMPERATURE PARAMETER USEL_ IN THE EQUATION OF STATE
TAU IS EQUIVALENT TO T II_ THIS SUdi_OUTINE

Oi/'EKSICN KPCII]2I, KPC2132), KPC31J2),KPC4(32)
OalA KPCI 12"3,6,7-,IO,II,14,15,IS,19,2Z,Z3,ZC,27,._O,3L,34,35,311,

139,42,'_3,46,41, §O,Sl, S¢, $5,$8,59,62,b31

O_TA KPC2 14,5,6,7-,12,13,14,15,20,21,22,23,28,29,30,3L,_6,37,38,

I _9,46,4S, 66,41, $2,_531,.5_, §S, bO, 61,62,631

CATA KPC3 111,9,10,.II,12,13,1_t,15,?.4,25,2b,21,28,29,30, JL,_tO,4L,4Z,
143.64, 4.5, 46, .5.5, 56,5"/, .58, $9,60,61,b2,62/

OAIA KPC4 t16,17,18,19,20,21,22,2],2_,25,26,21,28,29,__0,._L,
148,_9,S0,51,.52,53,.54,55,56,57,b8,.59,60,61,62,63/

T=TT

IF I TT.GT,.(]°) T= IOO0o/TT
G6 TO |10,20,30,@0,4§),KS

COMPUTE DENSITY

I0 CALL _E_SIKU,T.P,O,OL,OV,KR;
IF ( TT .EO. O°OI TT=IOOO,/T
_N TO 50

I

2

3

.5

6
7

8

9

I0

II

12

13

L4

15

Ib

17

18

19

20

21

22
23

24
25

26

27

28

29

3O

31

32

33

34

3.5

36

37

38

39

4O

41

39



C
C
£

C
C

C

COMPUTE PRESSURE

20 CALL PRESSIKU.T.OtP,KR)
GO TO 50

COMPUTE TEMPERATURE

30 CALL TENP|KU,PtO, TtKR)
TT'|OOOolT
GO TO 50

COMPUTE TEMPERATURE AND DENSITY GIVEN PRESSURE AND EMTHALPY

40 CALL TEMPPH(KU,PtH,TtDtOLtDVtKR)
TT-IOOO°IT
GO TO SO

qS CALL TEMPPS | KUtPtStTtOtOLtOVeKR )
TT=LOOO.IT

SO iF IKReNEoleOR.(KS*EQ°|eCR.KS.GTo3)) GO TO 55

OBTAIN SAIURATION DENSITIES DL AND DV FOR KS=2 AND KS=3 CALLS MHEN

KR_|

CALL OENS(KU,T,P,O,OL,OV,1)
55 IF iNOO(KP.2)JbO, 70,bO

COMPUTE ENTHALPY

60 IF iKReEG.1) GO TO b5

CALL ENTHiKU, T,OeH)
GO TO 70

b5 CALL ENTH(KUtT.OL.HL|
CALL ENTH (KU.ToOV,HV)

70 00 80 |'|,32

IF (KP-KPC|ii))IIOtLO0,80
80 CONTINUE

GO TO 110

COMPUTE ENTROPY

|00 IF (KR.EO-i) GO TO 105
CALL ENTi KU,T,O.S)
GO TO llO

105 CALL ENT iKU.T.OL,SL)

CALL F.NT( KUI, T,I, OV, SV |
110 O0 120 1=1,32

[FIKP-KPC2([)) 140t 130.120
120 C_NT INUE

GO TO |,kO

COMPUTE SPECIFIC HEATS AND i;AMMA AND SONIC VELOCITY

130 IF (KR.hE.I) GO TO 135
CALL CPPRL ( KU, T. DL*CPL ,CVL.GAMI4AL .CL)
CALL CPPRLIKUoT.OV.CPVoCVVoGAMI4AVtCVP)

GO TO 160
135 CALL CPPRL ( KUw T,DoCP .CV,GAM/4A. (')
|_,O DQ i50 !-1.32

II; (KP-KPC3Ii)! 170.160.1S0
150 CONTINUE

£,0 TO | 70

42
1.3

_5

k.7
_6
49

50
51
5;)
53

$5
5b
5T
56
59
60
61

62
b3

Ok.
65
bb
67
68
69

7L
72
73

7;
75
70
77
78
79:)
80
81
82
83
8;

d5
_6
d7
88
z39
90
9L
92
_)3
9;
9.5

9b
c)7

99

L.)3
i0L
_L02
103
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C
C

C

C
C

C

C
C

CONPUTE VISCOSITY

160 IF (KR.NE.]I.| GO TO 1.6S

CALL V [SC (KUo KR eT_Pt DL*HUL )
CALL V ISC( KUeKR_ TtP eDVoHUV)
GO TO 110

165 CALL VISC(KU,KR,T,PtO,MU)

170 130 1.75 I'1,32
[ F|KP-KPCZml [) ) IgOr 180t175

175 CONTINUE
C,O TO [90

COMPUTE THERMAL CONOUCT[V[TY

]80 IF IKR.NE,J) GO TO 220
CALL THFRH IKU,KR,P,T,OLeEXCL,KL)
CALL T_ERM IKU,KRtPeT,OVeEXCV,KV)
GC TN I_O

220 CALL THERM IKU,KRtP,TtO. EXGESKtK)
leo IFIKP-32) 230t260o2_0

C_MPUTE SURFACE TENSION

2kO CALL SURF IKU, KR,T,SIG/4A)
_30 R[TURN

END

104_
105
XOb
101
108

109
110
111

112
113
114_
1],5
L16
117
118
LXO
120
L21

122
123

125

XZO
127
128
129
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$1BFIC OLGC
8LCCK

C

C

CATA
................... VERSION /4ARCH Lt1912 _N

DINENSII_N AlliO),AgllO|,A3(lOJtA6110) oAS(IO)tA6|iOltAlr[JLO)
EQUIVALENCE |Alil),A(l,1)lt|A2(1)tA(]L,21)t(A3[ l),A(lt3)),lA4)(l)tA(

|lL,6)),(AS(l)oA(1,5)),|Ab|l),A(l,61 I,(ATi|)tA|l,7))
COI_MON /CODE/ NESSAGI|61
CC/4/qDN ICOFt A(|OtT)
CCM/40N /CRIT/ RHOCRTePCRT,TCRT
COMMON /CCNSTS/ TAUCtRHOAoRHOBtTAUAtE tR
CCNNON/CHECKS/DCHI,DCH2e PCI_ I t PCH2• PCH3 t TCHIt TCH2,T CH3e DST ,TST,

1HSCHI, FSCH2

CONNON/COSATICPSI, CPS2,CPS3,CPS4),CPSS,CPSbtCPS1
CG_NON /SICOF/ $ICI,SIC2,SIC3,$1C4),SIC5

COMMON ICDEV.i/DCONV(51
COMMON /CONV2/TCDNV(5)
CCItNON /CONV3/PCONV(5)
COPNCN/CONV41SCONV( §1
COMNI_N ICl_N V 51CCON V ( 5 I
C 0 P,MI[_N/CONV6 IHCON V ( 5 )
CO_M©N/CGNV7/NCONV |5 )
CONNCNICONVS/KCONV( 5l

C{._MNC N/CON V91STCO NV (5)
REAL NCONV •KCONV

DATA Al129.692q3T,-IJ2,139].T,iT41.6q632,-360.13828,_2.18431,
I-344.50042, 155.18535, 5.c.;728487, -410.30868, o4116o05860 /
OATA A2/ -5,1985860, 7.777(.1182, -_3,301902, -16°256622,-177.31074,

|127.418162• 137.66153, 155-c.;'/836, 33T.31JLSO• -209,88866 /
DATA A3/ 6,,8335356, -21:,141.;'/51, 65.326396, -26.181978, 4_0-,

|-137.66618, -733.96848 /
DATA AT/ -.1564104, -,72544J108, -9o27341289, 4.3125841, 41_0-,

I 6.78"14rJ83, 10°401117 I
DATA AS/-6°3972405• 26°410_;282• -47.7_*QJ74)t 56°32313, 41_0.,

| 136.87317, 6415.8188 /
DATA A61-3,966140|, 15,415._1061, -29-1412_7, 2S.568796, 41=0,,

I 79,,8_197• 399.1757 /
DATA ATI-.69048554, 2°740_416,-5.L02807, 3-9636Q85, 4)eO°,

1 13,,061253. 71o531353 I
DATA CPS I • CPS2. CPS3. CP $41,CI)$5. CPSb'CPST/

i 0.293043701=_01, -0.23095789E÷041, O. 34)522497E-0/,
2 - .1362 1289E-03• O.. 2587804141E-06, -°2_709162E-09,
3 0.959316461-13 I

DATA I')CHI,DCH2,PCH|,PCH2,PI;H3,TCHL'TCH2•TCH3"DST•TST•
IHSCH ]• HSCH210° • | °041.'_39 • °001361 ]L,22° 089• LOO. • ° 55555556 • L ° 54)6012,
I 3.660900 •°8,4100.•0°•4700., /

OAlA NESSAG / 96H THERNODYI_ANIC AND TRANSPCR| PRGPERTIES FOR MATER
IPC=21iS.OTATMtTC= 64)7°29 K,I_,OC=o3L7 G/CC /

DATA RHCCRT•PCRT.|CRTt.317. 22.089• 661.286 t
DATA $1Cl,SIC2,S[C3.SIC41,S[C511855°3865, 3-2786_t2,

I-0.00037903, 46.174, -1.02111 /
TAUC,RhOA•RHGB,TAUA•E,RI 1.5414912, -631t, 1*, 2-5, 41. B,-46151/DATA

OATA TCCNV 11°,1,,.5555555:_ ,2tL.O I
DATA PCCN¥11°,9.8692327,145°03824]•2_L./
DATA 0CCNVI2_1.,62-41283,2_1./
OATA SCONVI2_I,,O°238849,2:_I°/
OATA CCO_Vt2*I.,O.O3281.2SI.I
_ATA HCCNVI2_I.,O.42_29,2eI.I
OATA NCCN¥/2_I.O..671_689_E-I.2*L.U/
OATA KCCNVI_I.E-2•IebGbO4)_E-_,2_|°E-2/
DATA STCON¥1 2_1.,6.8521766E-5,2_1./
C_ffNON/XN[N_S/XNI(TI
DATA XM1l|.,2.,3,,_o,5.,6°,7,/

ENC

1
2
3
4
5
6
7
8
9

10

ll
t2
13
16
15
Lb
17
18
19
20
21
22

23
24)
25

26
27

28
29
30
31
32
33
34)
35
36
37
38

39
60
61
62
4)3

65
416
47
_8
49

50
51
52
53
54
55
56
57

58
59
_0

O2

63_

42



IIBFTC ROOT|
C ..... VERSION 2till2 ..............

SUBROUTINE ROOTXIXOtX2.FOFX.FUNC,,X,I,i

SOLVE FOR XX SUCH Tt_T FUNCIXl) = FOFX, WHERE Xl LIES
8ETIIEEN XO ANO X2

CO,NON /CH[CK2/KOUNT
TOL•I .[:-S

XXO -= XO
XX2 .• X2
FO = FUNC(X_OI

F2 := FUI_(XX21
A= I FCFX-FO I/IF2-FO)
IF lJl lOOY*120t120

120 IF lJ--l.) 130,130.1008
130 IF (FOFX-O.) 80,,10.80

10 ASSIGN lOO TO JUMP
GO TO 90

80 ASSIGN ||0 TO JUMP
90 X = iXXO+XX2)/2.

KOUNT = 0
150 Xl " X

KO_kT ,, KGUNT + 1
A " FNFX- F2
FX = FUNO|X)
FXL=FO,I X-XXO I_' iF2-FO) 1( XX2-XXOl
8=ARSI IFX-FXLIIIF2-FO))

IF (A_IFX-FOFXl .LT. 0°1 GO TO AOOI
X.IO :, X
FO=FX

IF IB-o]l 10,20,20
2C X • IX+XX21/2.,

GC 10 40

fOOl XX;_ = X
F2 = FX
IF (B-.3) 10.30,30

30 X = I,XXO,XII2.
GC TO 40

10 X=XXO÷IFOFX--FO|_IXX2--XXOIItF2-FO)
40 IF (ASS(IX--XIIIXI-TOL 1 50,[OO0,EO00
50 GO TO JU_P,(IQO,][O)

100 IF (AI_SIFUNC(XIF--TOLtiOo 160,1000,1000

|10 IF IABS|(FOFX-FUNC(X))/FOF_)-TOL ) bO, iOOO,]LO00
I000 IF IKOUN1.GI°4POJ) |OL=Tr, L_]C.

IF IK('ILiNToGT.601 TOL=TOL_IO,,
IF (KOUNT.GT°80) TOL..:TOLt¢|O°
IF IKI')UJ_ToL]roIO0) GO TO 150

160 Wi_ITE 16,1701 XI,X
110 FORNAT IIHL,79HAN ITERAT[ON HAS BEEN TERMINATED AT 100 ITERATIONS°

1 THE LAST T_.O VALUES WERE ,3G1_.51
6C XI=X

RETURN
IOC_ Xi : XO

G£. TO J40
IOC8 Xl = x2
l_O _RIIEI6,I_I)
141 FC..RMATiIHO,24H SOLUTION OUT OF RANGE

RETURN
ENC

1
2
3

S
6
1
8
9

10
11
L2

13

15
lb
L7
18

19
20
21

22
Z3
2_

25
26
27
Z8
29
30
31
32
.13

3_
35
36
37
3B
39
_0

41
_2
43

_5
_6
47
_8

_9
50
5L

' 52
53

55
56
57

58
' 59

43



IIRFIC R_012
SUBROUTINE ROOT IXO.X2tFOF_i,FUNCtX|)

C
C ............. VERSION 2tl/T2 .................
£ SAME AS ROOTX -NEEOEO TO PREVENT RECURSiON
£ SOLVE FOR Xl SUCH THAT I_UNC(XII " FOFX. WHERE XI LIES
( 8ETbEEN XO AND X2
C

COMMON ICHECK|/KOUNT
TOL=|.[-5
XXO = XO
XX2 = X2
FO " FUhCIXJO)
F2 = FUNC(XX2)
A'|FOFX-FO)/IF2-FO)

IF IAJ 1007.120.120
120 IF IJ-lol 130t130e1008
130 iF (FOFX-OoI 80,70+80

70 ASSIGN |GO TG JUMP
GO TO 90

80 ASSIGN 110 TO JUMP

qO X = (XXO4XX2)I2.
KCbkT " 0

150 XI = X

KOUN| = KDUkT • 1
A = FOFX - F2
FX = FUNCIX)

FXL=FO_IX-XXO|_IF2-FO)/IX};2-XXOI
B=ABSIIFX-FXL)IIF2-FOI)
IF IA_(FX-FOFXb .LTo 0.) (;0 TO 1001

XXO = X
FO=FX
IF IB-.31 10,20.20

_0 X 8 IXtXX2)/2.
GC TO 40

1001 XX2 = X
F2 = FX
IF IB-,J) J0.30.3C

30 X = IXXO+XII2.
GO TO 40

IC X=XXO+IFCFX-FOIOIXX2-XXOJ/IFZ-FOI

60 IF laBSIIX-XI)IX)-TOL ) SOtIOOOtI000
50 GO TO JUNP+IIO0,1|O)

I00 IF (ABSIFUNCIXI)-TOL+IO. )60.1000.1000
1|0 IF (ABS(IFOFX-FUNCiXII/FOFX)-TOL ! 60,1000.1000

1000 IF |KOUNT°GTo_O) ]OL=TCL_|O,
IF IKNUhloGTob0) IOL=TOLeI0°

IF IKOUkloGTo80) TOL=TOLelO.
IF (KOUKI.LTolOO) GO TO 150

16£ MRITE 16,1701 X].X
170 FOPMAT IIHL.TgHAN ITERATION HAS BEEN TERMINATED AT IO0 ITERATIONS.

1 T_E LAST TMO VALUES hERE ,JG|5.5|

6_ Xl=X
RETLJRN

100_ XI = XO
_ TD 140

10_8 X i = X2
I_0 _RITF/6,I_II

1_i FD_MAT/IHO.24H SOLUTION (IUT OF RANGE )
RFTURN

1
2
3

5

6
7

8
9

10

11
12
13

15
16
17
18
19

20

22
23
24
25
2O
27
28
29

30
31
32
33
36
35
36
_7
38
39

41
1.2

¢3

;5
_6
47
48

_9
50
51
5Z

53
54
55

5b
57
58
59
60

44



SifiFTC SCLV
C ................ VERSION 21LI12 ........

FUKETICN SOLVEIXItFeOFI

NEWTCN-RAPHSON iIERATiO_ GIVEN AN INITIAL ESTIMATE X[
ANO ThE FUNCTIONS F AND DF

CG_MGN /ChECK|IN[

TOL=IoE'5
N|=O
XO:Xi
XN=XI

|0 XOO=XO
X_=XN
Xh:XO-FIX_)IDF(XO)
NluNI*I
IF (ASSIIXN"XOIIXNI-TOL ) 70o20t20

20 IF INi.GT.40) TOLuTOL_|O.
IF (N|.GTo60) TOL-TOL_JO°
iF (N|.GT.8O) TC4. sTOL_LO°
IF I_l-IOO) 30.50t50

30 IF (ASSIIXN--XOOI/XNI-TOL ) 40o10o10
• C X_-IXO_XN | 12o

GC TO 10
50 WRITE |6t60) XOOoXOoXN
bO FORMAT (IHL,SLHAN ITERATIOk HAS 6EEH TERMINATEG AT LO0 ITERATIONS.

I ThE LAST THREE VALUES MERE ,3GIS.SI

7© S_LVEaXN
_STURN

1
2
3

5

6
7
8

9
10
11
12
13
14
15
L6
17
18

19
20
21

22
23
24
25

2b
21
28

45



$1BFIC SCbEC
F U/_CT [DN

(

£
C

C
C

C
C
C
C

C
C
C
C

CHECKiKU,Kk,T|

............ VERSION MARCH 1,1.972

C£MNCNI£CNV I/OCONVI 5)
CI_MNDNICCNV2/TCONVI §)
CCMM_N/CONV3/PCONV| S J
COMMON/iERRORI /ROUT

COMMON tCHECKSIOCH| .DCH2. PCH [, PC3"12. PCH3, TCHI, TC HZ, T CH3, L_ST, TST,
IHSCHi. hSCH2

OIMEkSICN FMI(9), FM2(g). FH31gI, FNTIg)t ROUT(iLl
OA]A F_| 151HilH .G12o4 *31HIS OUT OF RANGE FOR T iN SUBe-,Ab )

1/
GAlA FI*2 /5|HIIH *G12-'_ ,31H[S OUT OF RANGE FOR P IN SUS--,Ab I

l /
DATA FM3 /SIHIJH ,G|2.g* ,31HIS OUT OF RANGE FOR D IN SUB.-,Ab )

1 I
DATA ROUT /_HDENS,SHPRESS•4HTEMP ,&HENTHt3HENI ,bHTEMPPH,bHTEMPPS

I.§HCPPRL•4HVi SC,§HTHERN, 6HSURF /

CONVERT 1EMPERATURE T TO DEGREES KELVIN AND CHECK
FOR OUT OF RANGE° UNITS ARE SPECIFIED BY KU° IF KR
IS SPECIFIED AS |, T |S CHECKED FOR OUT OF SATURATION

RANGE°

ENTRY TCHECK |KUtKR•T|
ChECK=|OOO.*TCONVIKU)IT

CH|-IOOOe/TCH3
CH2zIDOO.ITCH2
CH_|OOOeI|CH|
KOCE-|

OC i J=l•g
I FMTIJ/-FM/IJ)

GC TO I0

CONVERT PRESSURE TO MEI/M*s2 ANC CHECK
FOR OUT OF RANGE. UNII'S ARE SPECIFIED BY KU. IF KR IS

SPECIFIED AS 11 P iS CtlECKED FOR OUT OF SATURATION
ENTRY PCHECKIKU•KR.PI

C_ECK'PIPCON¥iKU)
CHI: PCH|
CHa= PCh2
CH3- PCH3

KODE=O
DC 2 J'l.q

a FN|IJ)'FM2(J)

GO 10 lO

CGEVERT DENSITY TO GICC ANC CHECK

FOR CUT OF RANGE° UNI'rS ARE SPECIFIED bY KU,

ENTRY CCHECKIKU•OJ

CI_ECK =OIOC(_NV ( KU |
CHI-DCI4|
CH]=DCh2
KOCE_O
OC 3 J='|•_

_1 FNT I J):'FIJ3I J I
GG Tf) 20

iO IFIKR°F_°|) GO TO 30

1

3

5
6
7
8
9

IO
11
12
13
Lie
15
16
17
18
L9

20
21
22
23
2_
25
26
27
28
29
30

31
32
33
34
35
36
37
38

39
40
41
_2
43

40
50

51
52
53
5_
55

56
_7
58

59
6O

46



20 IFICkI_CK.LII'.CHI} GO 1"0 40
[FICI-FCK.GT.CH]) GO TO 60

25 IF |KO£E.EGoll CHECK=T/TCONVIKUI
RE TUi_N

30 IFIChECKoLT.CHII GO TO 40
IFICIqECK,LEeCH2) GO TO 25

40 WRITEI6tFMTI CHECKtP.OUTIIRCUT)
GO 1'0 25

EN£

61
62
63

65
6G
67
b8
b'9

IIBFIC Sbg|
;_ROUTIhE _NUST(O)

( VERSION MARCH 1,1912 ...........
COMMON ICCMSTSI T&UC_RHOAtKHO6,TAUAoE tR
CO_lq3N IQAUX / RBOIF(8)tRADIFI8)tERtEOeTADIF(1)
CC_ON ICOFI AIIO.TI
C_MMON&OSIlSUMI(7)

RACIF (]l= |.0
RAC[F (_) = 0- RHOA
RBDIF |1) _ |.0
RBClF (2) - O- RHOB
DO 1 i= 3.8
RBCIF Ii) = RBDIF II-l)_ RflD|Fi2)

| RAOiF ([)= RAOIF ([-11 _RAOIF(2)
_0 - E*D
SR= i.Ol EXPIED)

S_N|(i}-O.O
00 4 1=l.8

4 SUMIi|)=SUM|II)_AIItI)_RAO[F([}
SU_III)=SUNIil)_ERtlAIq, 1)+AIIO.1)_O}

OC 6 J=2.7
$U_|(JJ=O.O
0£ 5 i=|.8

5 SUMI(JI=SUM[(Ji_A(KtJ)_RBOiF([)
SU_I(J)=SUMIiJI¢ER¢iAIg. JI+Ai|O.J)¢O)

6 CC_TINU_
RfTURN
ENTRY G_bSTgITAU)

TACIF ill = 0.0
TACIF 12) - 1.0
TAOIF (31 = TAL-TAUA
OC 2 l= 6, 7

2 TJDKF Ill= TADIF/I-X/* TADIF/])
RE|U_N

EhC

1
2
3

5
6
7
8
9

10
11
12
13
14
15
16

17
18
19
20
2L
22
23
26
25
26
27
28
29
30
3L
32
33
36

47



SiHFT( SUB2
FUI_CT iON OCALCI |AUI

C
C ..... _tERSKON MARCH Xtlq12_
Cu- THE FUNCTION QiRHO,,TAU)
C

C 0 MMON / CHE CK SJ DCH i • OCH2e PCH i* PCH2. PCH] • TCH [ * 1C 112.• T CH3 • DST t T ST,
IHSCHi • _SCH2

C(_IVMCN IOAUXI RBOIFISIt RADiFIS)•ERtEOt TAOIFiT)
COMMON ICOF / A(IO,T)
CCI_MI_Nt_S|/SUM||7)
TSUM : 0.0

00 • J:2,1
4 T SU/qsT SUM.tTAO i F IJ )eSbM l( J |

QCALCmSUM i ( ])* i TAU-TCH2)_TSIJM
RETURN

EhC

l

2
$

5
6
7

8
9

10
IL
IZ
13

15
16

GO1kl TAU )
....... VERSION MARCH 1,1912 ....

$18FIC SU63
FUECTICN

C
C
C_- FARllAL DER OF O---- PQIPRHC

COMMON /OJUXI RBD iFI 8) tRAOIF(8|eERtEO•TAOIF(7)
CONI_N ICOFI AilO,?)
COMMON ICONSTS/ TAUC_Rt'_AoRHOF_•TAUAtE,R
COMMONt XM |NUS/XM| i 7)
COMMON/OS2 /SUM i ( T )

EOUIVALENCE I $UMI ( I b oSU.q)

I TSUM=OoO
O0 2 J'2,7

2 TSUM=T SU/44TAD [ F IJ)_SUM [(J)
_,IDTA- SUM4, | T,tU-T,tU C)_,T SUM
REIURN
ENIRY OCTIC,TAU)
SUM=O.O
D( |0 I,,2,8

|0 SUM=SUM_XM|II-I)_A|i,I)eRAC[F(i-|)
SU;_=StJM'_ER_|4( 10, I)-EO|A ( 9• 1 )_A( 10 •1 )_0) |
O( 15 J:2,7

SUI_ il Jl=O.O
D( 12 1:'2,8

|,_ SUMi|J)sSUMiIJJ*XN|(|-|)_AIItJ)_IIBOIF| i-1)
._;UI*|(J;sSUMI|J)+ER_(A| IOtJI-E_|A(9,J)_A|IO,J)_D))

15 CCI_TINUE
G_ T_ i
F_h,C

1
2
3

5

6
7
8
9

LO

ll

12
13

15

lb

17

18

19

2O
21
22

23

2_
25

26
27
28

48



11BFTC SI._B4
FUhCT IOl_

C
(-

18

QTO(T&UJ

.............. VERSION NARCH ttLg72 ................

PARTiSL OER OF 0 --- PQIPTAU
£O_NON IOAUXIRBD|F|_)tRAO[FKS)tERoEDtTAOIF(7)
CO_ON ICCFI All0,7)

CCMIN]N ICCNSTS/TAUC.RHQAtRHCB. TAUAIE,R
CO_ONtOSIISUNII?)
CCMMONIXNINUSIXMIITt
TSUMI " 0-0
TSU_2 " 0.0
DC 18 J'3e7

TSbM|'|SUMI*XNI(J'2I*TAOIFIJ-|)_SUMIIJ)
TSUN2:TSUN2eTAOIF|JI_SUM|IJ)
TSUM2=ISUN2_SUMiI_)
QTC_TSUM2_IIAU-TAUCI#TSUM|
RETURN
EkC

L
2
3
4
5
6
1
8
9

10
11

12
13

15
lb
17

18

$ lldFTC SUB5
FUI_CT ION 021201TAU)

_. ........ VERSION HARCH 1,1972 .................
C
C---FJRTIAL 13ER OF O "--- P20/PTAU2

COMNON IQAUXI RBOIFISJ),RADIFIB)tERoEDtTADIF(7)
CONNON ICOF I AI|O,7)

££I'I/_(3N /£1_NSTS/ TJUCtRt'J(]AoRH(]btTAUAtE,R
CI_JeMONIGS !/SUNI | T)
_.l_lltNON I _tIll i NUS/Xl_] 17)
TSUMI • 0,0

TSbN2 • 0o0
Of. 2 J:3,7
T SL_I_I:TSU_ ] *XN]i I J-2) _TAO i F I J-I )t'SUM i l J)
IF iJ,EG.3) GO TO 2

TSUI42:1SUM2tXNIIJ-2)_ XHIIJ-3|_TADIFIJ-2)tSUNI IJ)
2 C.K.kT [NU[;

0,_1 2C•2,0_1 SUN i 4"| TAU-TAUC ]l_T SUN2
RETUF1N
Et_C

1
2

3

5
6
7
8
9

10
11
12

13

15
I0
17
IB
19

49



02DTAi TAU)
$IBFIC SUB6

FUhC T ION

C
C ........ VERSION MARCH 1,1972 .......
C--- PARTIAL DER OF Q-N P2GIPRHO-PTAU

CO/d NON IOAU]I/ R8OIF|81 oRAOIF(8) ,ER,EO,TADIF (7)
CCnMON ICOFI AiiOt7)
CONi_N ICONSTSt TAUC,RI_(]AtRHCStTAUAtE eR
COMMONti_S3/SUM(6)

COMNONIXM lhUSIXMI (7)
l T SUNI=O.O

TSUM2-Q.O

O0 lO J=3.]r
T SUHI=T SUM|÷XN ] I J-2) _TADI F I J-I }*SUH l J-] )

10 TSUM2=1SUNttl ADIF I J )tSUM( J-,l )
TSIbM2=ISUN2 _SUMt 1 I
TSLM I=ISUN|e(TAU-lrAUC)
02 £ I A=l SUM i*T SUM2
RETURN
ENIRY Q201I 0, TAU)
O0 20 J'2,T
SUM (J-J)-Oe
00 15 l'2,e

15 SUNIJ-|IsSUMIJ-I)*XMI(I-I)_AI|,J)eRODIF(I-i)
SUM(J-1)=SUN(J-I)*ERe| A ( 10 ,J)-EelA ((_t J)*A( 10 ,J )CO) )

20 CCATINUE
O£ TO 1
END

1
2
3

5
b
7
8
9

10

II
12
13

I t,
15
10
11
18
19
2_
21
22
23

2¢
25
26
27

tl8FIC SU67
FUkCT ION

£
C

O3O2TAITAU)

............ VERSION NAkCH 1,1972
PARTIAL OER OF O -_ P2QIPR_G2

CONMON tOAUXI RBDIFIBIoRAOIFI8)tER.EOtTAD|F(7)
CONI_N /COFt Al|O,7)
COMI'NON tC_KSTSI TAbCt RHOA, RH_So TAUAt E, R
COMMONIQS41SUMIIT)
C_NMONtXM|h_SIX_[(7)
TSUN=O.O
O_ S J'2,7

TSUM=TSUN*IADIFIJ)eSUNiIJ|
O2C2TA-SUNIIII*ITAU-TAUC)e/SUN
RETURN
ENTRY 0202110,TAU)
SUI_ 1 1 i )..0.0
110 3 1=3.8

3 SUP II 1 )'SUM
SU_II I )-SUN

DC 10 d'2t_
SUNIIJ)=O-O
DO 8 I='3,8

8 SUtJ i(J I=SUN
SU_ i ( J )=SUM

10 COKTINUE
GC TO i
Ehi_

iiI)*XM|II-|)eXP|II-2)eAII,II_RAOiFI[-2)
i(I),ERt(-EeA|IO,I)e(2.0-ED)*E_E_A|9,1))

iiJI*XMIII-I)eXNIII-2)_,AII,J)_KBDIFII-2)
i(JI,ERti-E_ A ( 11]. J)_ (2.O-ED) *E_E _A lg,J))

1
2
3
z,
5
b
7
8
9

10

It
1,_
13

15
16
17

18
19
20
21

22
23

2#
25
26
27

5O



SlBFTC SOB8

$U6ROUTINE PSSS(PSS|
C .......... VERS|ON MARCH 1,1972---
C
C COMPUTE SATURATION PRESSURE PSSS IN BARS AS A FUNCTION OF T IN DEGREES
C C AND RETURN ANSMER IN PSS IN NN/M_2
C

CO_MQNICOSATI CPS1 ,CPS2tCPS3eCPS4wCPSS,CPSbeCPS7
C--- THE T |N THE COMMON BEND17 iS REALLY TAU

COMPQNITPARAMIT
DIMENSION CT|PS(6)
DATa CTIPS / .31602383E-03 , h00044775, -0.46487771E-05,

1 0.694318S2E-08, O.l_6211qTE-12 , 1o00043357 I
TSC - IO00./T -273.15

C---CONVERT TSC(THERMQDYNAM|C CELS|US TO INT°PRACTZCAL SCALE (C) WHICH
C..... IS USED IN SJTURAT|ON EQUATION

IF (TSC °GE° 9°996) GO TO 9
TS " CTiPS(6| _ TSC
GO TO I0

q TS - I((CTIPS(S)*TSC*CT[PS(6))STSC ÷ CTIPS(3I)*TSC ÷CTIPS(2))
1 _TSC ÷ CTIPS(1|

10 TS'TS_273.15
PSSulO.e_(((i(CPSTeTS*CPS6)eTS,CPSS)eTS+CPS4)_TS+CPS3)_TS÷CPS2/TS÷

lOPS1)
PSS-PSSIIO.O
RETURN
ENO

1
2
3
4
5
6
7
8
q

10
11
12
1)
14
IS
16
17
18
19
20
21
22
23
24
25
26

51



$1EFTC .q1_9

C

C
C

C

C

FUNCTION TSS(PSI
.................. _fERSiON MARCH lt1972 ..........

COMPUTE SATURATION TEMPERATURE IN OEG C AS A FUNCTION OF PRESSURE
IN BARS ANO RETURN ANSNER TSS AS TAU IN KELViNee-I

COMMONICHECKSIOCHI(|ItOCH2tI_CHIIPGH2tPCH3tTCHI,TCHZtTCH3,OSTtTST,H

ISCHltHSCH2
CONMON/COSATI CPS1 ,CPS2tCPS3rCPS4,CPSS,CPSbtCPS7

COMMON/BENO91AItAZtA3tA4eAS
OIMENSICN CTT(6)
DATA CTT I-.30733645E-03, O.gqq55209tO.46690qSSE-OS,-.b9336643E-08

1,-0.18086305E-12 , .9995670'; /
EXTERNAL TSSFtOTSSF
PS|uPSe|O.Q

"AImCPSl-ALOGIO(PS1)
A2-S._CPST
A3s4.eCPS6
AA-3.sCPSS
ASs2._CPS4
TESTM "(IOO0.1TCH2 -20.0 )

TSS'SOLVE(TESTMeTSSFoCTSSF)
TSS'TSS-2T3.1S

C---CONVERT THE CALCULATEO SATURAtiON TEMP. FROM INT. PRACTCAL SCALE
C .... (C) TO THERMODYNAMIC CELSI_JS SCALE

TS|P-TSS
IF (TSS .GT. 10.) GO TO 9
TSS - CTT(6)o TSS
GO TO 10

g TSS - |IICTT(5|eTSS 4 CTT(4))eTSS ÷ CTT(3))eTSS + CTT(2))eTSS +
1 CTT(I)

10 TSS " 1000./(TSS÷273.1S)
RETURN
END

1
2

3
4
S

6
7

8
9

10

11
12
13
14
IS

16
17
18
19
20
21
22
23
24
25
26
27
28
29
3O

31
32
33
34

SiBFTC S_BIO
FUKCTION ISSF(TSS)

C ...... VERSION MARCH 1,1972

FUNCTICN USEO TO SOLVE FOR SATUkAT[CN TEMPERATURE TSS
GIVEN PRESSURE

COI_MONICOSAT I CPS| ,CPS2.CPS3,CP S6,CPSStCP $6 ,_PS 7
COMMON/RENOg/AleA2,A3e A4tA_
TSSFa_| ((|CPST_|SS*CPSb)_TSS_CPSS)_TSS't'CPS_)_ISS*CP$._)_TSS't'CPS2/

ITSSJAt

RETURN

FNTRY 01SSF|lSS)

DERIVATIVE OF FUNCTION LSED TO S_LVE FOR SATURATION
TFMPERAT_RE 1SS GIVEN P_ESSURE

TSSF-i|IA2_TSS_A3)_TSS*A6I_ISS+Ab)_T$S*CPS3-CPS2/(TSS_TSS)
RFTURN
E_C

1
2
3

5
6
7
8
9

10
11

12
13

15
16
17
18
19

52



tlHFTC PRESI

SUBROUTINE PRESSIKU+T.OoF+KRI
£ .................. VERSIGN MARCH 1,1972 .................
C
£
C
C

C
C

C
C
C

C
C
C

CONFUTE PRESSURE P G|VEh TEMPERATURE T AND CENSJTY D.

UNITS ARE SPECIFIED BY KU. IF KR iS RETURNED OR
SPECIFIEO AS i, P IS C©NPUTED AT SATURATION AS A
FUNCTION OF T ONLY,

CO_MON tCONV3/PCONViS)
COMMCN/TPARAM/TS

COMMON ICC&STS/ TAUC*RhOA,RHG8tTAUAtE tR
COMMON/CHECKS/OC_|,OCH2, PCHiwPCH2, PCH3,TCH1,TCH2,TCH3,0ST,TST,

IHSCHI+PSCH2
CCMPON/IERROR/iROUT
IR_UTa2
TS-TChEC_IKUoKRoTJ

OET+AMINE REGION

IF IKR-I) 10+70,10

10 OS'DC_ECKIKU. DI
IF I KR -GT. 1) GO TO 80
IF {TS-TCH_) 50,50,20

20 CALL OENS(1,TS.ZE,ZE*DSLtDSV, I)

iF IOS-CSL) 30,60,_0
30 IF ICS-OSVJ 50+6C.b0
40 KB'2

GO TO 80
5_ KR'3

G_ TO 80

REGION 1

6_ KR'1
70 CALL PSSSiPS)

GO TO 90

REGiOhS 2 AND 3

8C CALL ONbS|IES)
CALL ONUST2ITS)
PS-IOOO._R*OSITS*II.-OSeIOCALCITS)+OS*ODTIDS,TS)))

90 P_FStPCONVIKU)
RETURN

EN£

L
2
3
4.

5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

20
21
22
23
2'4
25
26
27
28

29
30
31

33
34.
35
3b
37
38
39
4O
41

42
43
44

53



$1RFTC £ENSI

SUB_CUTINE DENSIKU,TePvOtDLeDVeKR)
C ........... VERSIUN MARCH LeLg;2 ...............
(
C
C
C

C
C
C

CCMFUII'E OENSITY O GIVEN TEMPERATURE r ANO PRESSURE P.
UNITS ARE SPECIFIED BY KU. IF KR IS RETURNED OR
SPECIFIEO AS It THE SAEUEATED LIQUID AND VAPOR DENSITIES,
OL AND OV RESPECTIVELY, ARE COMPUTED AS A FUNCTION
OF T OR Po THE OTHER VALUE MUST 8E INPUT AS 0.0 •

COI_ I,K]N /Ct_ECKI/N!
COMMON ICONV 11DC(_NV i 5 t
CO/,INi_N ICOk V21 TCGN V( § Jl

CCNMCNICCNV3 /PCONV I §)
CCt_MONI [ERR(JRI IROUT
COImMON /CRITI RHOCRT,PC_TtTCRT
COMMON/ PSICON/ SICL,SIC2,SICJ,SIC_tSIC5
COt4MON dCONSTSI TAUCtRHI]AtI_HI_6,TAUAeE ,R
CGNt4ON/CHECKS/OCH I tDCH2, PCHL, PCH2, PCH3, TCH1 o TC H2, T CH3 t DST i T ST,

IHSCHI, hSCH2
CCI4N_N/TPARAM/] S
COMI_DN /PRHOTIPS, DS,TT
EXTERNAL £SF,OOSF
IROUT= i
IF IKReEQ.I) GO TO 70

TSsTCHECKIKUtKRtT I

TT = TS
CALL O/_UST2|T$)
GO TO 5

70 IF IT*GT.OoO) GO TO ]5
PS=PEHE_K I KUtKR tP I
TS=TSSIPS)

TT = TS
IF IT.LE.Ool TmlS STCONVIKL|
CALL OMbST2ITS)

GO TO 5
Jr5 TS = TChECK IKU,KRoT)

TT I TS
CALL O/_bST21 IS)
CALL PSSSI PS)
IF IP.LE.O.| P=PS *PCONV(Kbl

DETERMINE REGION

5 IF (KR-II 10,80,10

10 PS=PChECKI KU,KR.P )
IF IPS-PCH;, ) 110.110. i00

100 IF ITS-TCH2IIJO,130.12D

i20 KR=2
ESTI = 1.0_55
EST2 = RhDCRT

TEST = IO00.1TS- 213,,,15
IF I TFST .GT. 100ol ESTI = 1.01U705¢
IF | TEST .GT. 180.0I G.G TO 121
IF ITEST.LT°4PO.) TEST=60,
EST2= I 1 EST*I TE ST* ! TEST*I TEST_ • L2476711E-09-. 522T779§E-071

l ÷.S6190571E-OSI-°69611J25E-03)÷lo0220277 )
I2] CALL I_CCT IESTI,EST2,0.,CSF,CS)

GC TO I SO
L ]0 KR=_J

EST=RHf_C_T*3.
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C
C
£

CALL ROOT i EST, OCH l.O., .CSF.£S)
GO 11"0 150

llO IF ITS-TCH_) 50t50o20
20 CALL PSSS|PS$)

iF Id8Sd(PSS--PS)IPSSb-i.E-4) b(t30o30

30 IF (PS-PSS) 50,60.¢0

4J 0S'.114S_566
IF ( TS .GT. 10144743g) OS - 0822368
[F(IS .Glr. 1094i?47g) DS- ,i_74576
IF I IS .GT- 2002"/7005) OS = 0g07_1
IF ( TS .GT. 2.3C866_i0| I)Sa.gb1538
IF f TS .GTo 2.6"/98874) OS .. 10001001
IF ! KR .EGo 1)GO TO 81
GO TO gO

50 KRs_,
OS - PS4TSI|IOOOoelt)
GO TO go

REG ICN i

60 KR=I

80 CONTINUE
GO TO 41

81COhYINUE
OSLuSOLVEIOS,DSF. OOSF)
GS • PS_TSIIIOOOetR)
iF ITCH211S.GTo.gSS)DSs.bStRh_CRT
IF (TCH2/TSoGTo.gg§) DSso]S_RHOCRT
IF (TCH2/1SeGTeeggg| O$=085_RHCCRT

iF (TCH2/TSoGTe.ggg5) OS-090sRHOC.RT
OSk-SOLVEIOS.DSF,OGSF)
DLsDSL_CCONV(KU)

DVaOSVOOCONViKU)
RETURN

REGIONS 2 ANC 3

go DS"SGLYEIOS,OSF,OOSF I
1 5o DmDS_OCGNV(KU)

RIFIURN
I_NC
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SIBFTCDSFJ
FUkCTIGNOSFtO)

C
£
(
C

FUNCTION USED TO SOLVE FOR DENSITY O GIVEN TEMPERATURE
AND PRESSURE

COMMON ICQNSTSI TAUC.eR_OA,RHG6,TAUAtE +R
COMMIDN tPRHCTt PStDS,TS
CALL QMLSTID )
PSTATE_|OOQ,eR_D ITSOIle,D oiOCALG.|TS)÷D _QDT(D tTS)))
OSFIPSTATE-PS

RETURN

ENTRY C£SFIC ;
CALL ON_STID)
DDSFmIOOOeeRITSeiI.÷Dei2.0_Q£ALCiTSI÷4.0eD*QDT(D,TS)÷DeD*G2D2TiDt

|TSIil
DSFsDDSF
REIURN
EhO

I
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$IBFTC TEMPI

C
C
C

C
C
C

C
C
C

SUBROUTINE TEMP(KUtPtDtTtKR|
.......... VERSION MARCH 1t1972 .....

COMPUTE TAU=IOOO./TENPERATURE IN USERS UNITS GIVEN PRESSURE AND DEN-
SITY. IF KR IS SPECIFIED AS I TAU MILL BE A FUNCTION OF PRESSURE ONLY

COUPON /CDNV2/TCONV(5)
CDMMON/CHECKS/OCHIeOCH2ePCHlePCH2tPCH3,TCHltTCHZtTCH3tDST,TSTt

XHSCHltHSCH2
CONMONIIERROR/|RQUT
COMMON /PRHOTT/ PS,OStTS
EXTERNAL TSFtDTSF
IROUT-3
PS=PCHECKIKUtKRtPI

DETERMINE REGION

IF (KR-It 10e70110
10 DS=DCHECKIKUoDI

1F IPS-PCH2) 20t20t50
20 TS:TSSIPSI

CALL OENS(ItTStZE,ZEtOSLtOSVtl)
IF (DS-OSL) 30tbOe_O

30 IF (OS-DSV) 50t60e60
60 KR'2

TS - TS÷.01
GO TO eO

50 KR=3
TS-1.2
GO TO 80

REGION I

60 KR-I
GO TO 110

70 TS-TSSIPSI
GO TO 110

REGIONS 2 AND 3

80 CALL QNUST(DS)
CALL QDTIDSpTSI
CALL Q2DTIDS_TS|
TS=SOLVEITStTSFIOTSF)

VERIFY REGION

IF IPS-PCH2)llOt110,gO
90 IF (TS-TCH2) 110,100,100

100 KR-2
1|0 TmTStTCONV(KU)

RETURN
END
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I iI_FTCTSFi
FUkCTION1SFITS)

( ................... VERSION MARCH 1oL972 .................

FUNCTION USEO TG SOLVE FOR TEMPERATURE TS GIVEN PRESSURE
AND DENSITY

CCNNON IPRHOTT/ PSoO tT
CCMI40N ICCNSTSI TAUCtRHOA,RHCa,TAUApE ,R
CALL ONLST2iTS)
PSTAT_-|OOO._R_O ITS_||e,G _(_CALC(TS)÷O _QDTAtTS)))
TSFuPS|ATE-PS
AETURN

ENTRY OTSF! TS |
CALL OMbST_ITS )
OTSFaR_C_|||eO_D_i]mUOTA ITS J*O_GCALCtTS ))-TS _O_(D_O2DTA|TS )

|_OTOiTS D)J
OTSF=DTSF_(-|O00°I(]S _TS 1)
TSFmDTSF
RETURN
FkD
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$1BFTC ENTHI

C
C
C
C
C
C
C
C

SUBROUTINE ENTHIKUeTTeDtH)
................... VERSION MARCH 1e1972

THIS ROUTINE COMPUTES ENTHALPY GIVEN THE TEMPERATURE PARAMETER TT
AND THE DENSITY 0o I/0 UNITS ARE SPECIFIED BY KUo

IF SATURATION VALUES ARE NEEDEDpTHIS ROUTINE MUST BE CALLED TMICE
_ITH DL AND OV INPUT AS D°

ENTHALPY IS RETURNED IN H.

COMMONIIERROR/IROUT
COM_ONICCNV61HCONVISI
COMMONISICOF I PSlltPSIZtPSl3tPSl4tPSI5
COMMON ICONSTSI TAUCtRHOApRHOB_TAUA_E _R
IROUTm6
TS'TCHECK(KUeKR_TTI
OS'OCHECK(KUtO)
CALL QMUSTIOSI
CALL QMUST2ITSI
TuLGOO./TS

PS|O_ |PSI3tT+PS|2|tT4PSII_(PSI6+PSIS_T)_ALOG(T)
PSIT-2°_PS[3_T +PSI2*PSIqlT ÷PSIS_II°÷ALOGIT ))
H1- PSIO-TeP$IT
H2sIOOO,eR/TS_II.÷OSSIQCALCITSI+TS_QTO(TS|÷DSeQDT(OStTS)|)
H=(H|÷H2I*HCONV(KUI
RETURN
END
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$1BFTC ENTI

SUBROUTINE ENTIKUtTTtDtS)
.VERSIO_ MARCH It1972 ..................

THIS ROUTINE COMPUTES ENTROPY GIVEN THE TEMPERATURE PARAMETER TT
AND THE DENSITY Do lid UNITS ARE SPECIFIED BY KU.

IF SATURAT[GN VALUES ARE NEEOEDITH[S ROUTINE MUST BE CALLED TMICE
MITH DL AND DV INPUT AS D.

ENTROPY IS RETURNED IN So

CGMMON/S[CQF I PSIItPSI21PSI3tPSI6tPSI5
CDMMON /CDNSTSI TAUCtRHOAIRHOBtTAUAeE tR
COMMON/IERROR/IROUT
CDMMON/CCNVq/SCONV(5)
iRDUT'5
TSmTCHECK(KUtKReTT)
DSuDCHECK(KUtO|
CALL QMUSTIDS)
CALL QMUST2(TSI
TnIOOO./TS
PSITm20_PSI3eT _PSI2_PSI6/T ÷PSIS_(Io÷ALOG(T |)
SSS--Re(ALOG(DS)÷DSe(QCALC(TS)-TSeQTD(TSI))-PSIT
SuSSSeSCCNV(KU)
RETURN
END
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S|BFTC TENPP1

C
C
C

C
C
C

C
C

C

SUBROUTINE TEMPPH(KUeP,HtT,O,OL,DVtKR)
VERSION MARCH 1,1972 ...................

COMMON ICONVI/OCONV(5)
CO'NON /CONV2/TCONV(5)
CO_MCN/CCNV6/HCONV(§)

CONNON/PHCALL/PS,HS ,SS
CONNON/CHECKS/OCHleDCH2tPCHItPCH2ePCH3tTCHItTCH2_TCH3tDSTtTSTt

IHSCHI,HSCH2
CCN_ON/IERROR/IROUT
EXTERNAL TSHF

PS'PCHECK(KUoKR,P)
IROUT'6

HSz_/HCONV(KU)
IF (HS-HSCHI) 20t10_10

10 IF (HS-HSCH2) 40,40,20

INPUT H - OUT OF RANGE TAG
20 WRITE(6t301) HS,HSCHI,HSCH2

301FORNAT (1OHOINPUT H - ,G|k.6t 2qHJ/G

1 tF4.1, IOHAND HMAX = ,F7.1, 3HJ/G

IS OUT OF RANGE OF HMIN=
)

60 IF (PS-PCH2_ 140,140,130
130 TSI=TCHI

TS2-TCH3
GO TO 110

140 TS-O.O
CALL OENS(IpTStPS,ZE,CLtCV,1)
IF (KR-I) 50tTOt50

50 CALL ENTHIltTStDLtHSL)
CALL ENTH(ItTS,OV,HSV|
IF (HS-HSL) 90tTOt60

60 IF (HS-HSV) 70e70,100

REGION 1

TO KR=I
80 CALL OENS(ItTS,ZE,ZE,CSL,DSV,1)

DL-DSL_OCONV(KU)
DV-0SV*OCONV(KU)
GO TO 120

REGION 2

cJO KR:" 2
TSI:'TCH3
PS-PS_'L,O0011

TS2:" |000. / (1000./TS- 1.E-5)
GO TO ILO

REGION 3

100 KR-3
TSI=IOOO./_IOOO.ITS÷I.E-5)

PS- PS#.99988
TS2=TCHI
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C
C
C

REGICNS 2 AND 3

1tO CALL ROOTX(TS[,TS2,HStTSHFtTS)
CALL OENSI[eTStPStDStZEtZEtKR)
DzOS*OCCNV(KU)

VERIFY REGION

IF (PS-PCH2I 120t120e150
150 IF ( TS-TCH21 170t170,160
160 KRI2

GO TO 120
170 KR=3
120 T:,,T S'I'TCCNV (KU)

RETURN
END
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$IBFTC STEMPS

C

C
C

SUBROUTINE TEMPPS (KUtPtStTIOeOL,DVtKR )
......................... VERSION MARCH 1,19?2

CO,WON /CONVI/CCONV(5)
CO_ON/CCNV4/ SCONV(S)
CCMMON /CONV2/TCONV(S)
CCNWON/PHCALL/PStHS ,SS
CONPON/CHECKSIDCH|tDCH2tPCHItPCH2,PCH3eTCHItTCH2tTCH3tDSTtTST,

[HSCHItHSCH2
CC_ON/IERROR/IROUT

EXTERNAL TPSF
IROUT_T
$_AX=13.26
PS=PCHECK{KU_KReP)
$S = S/SCCNV(KU)
IF ISS .LT. 0.0) GO TC 20
IF ( SS.LE,SMAXI GO TO 40

INPUT S - OUT OF RANGE TAG

20 WRITE(6,301| SStSMAX

30I FORMAT {IOHOINPUT S = ,G16.6, 47HJ/G-K IS OUT OF RANGE OF
10 AND SMAX= tFT°ItSFJ/G-K|

40 IF (PS-PCH2) 140_140_I30
130 TSX=TCHX

TS2=TCH3
G0 TO 110

140 TS=O.O
CALL OENS(leTStPStZEtCLtDVtl)
IF (KR-1| 50pTOtSO

50 CALL ENT(ltTStOLISSLI
CALL ENT(1,TS,DV,SSV|
IF ( SS-SSL ) 90t70,60

60 IF ( SS-SSVI 70t70,100

SMIN=O.

REGICN 1

70 RR=I
80 CALL OENS(ltTS,ZEtZE,CSL,OSVtl)

DL=OSL_OCONV(KUI
OV=DSV*DCONVIKU)
GC TO 120

REGICN 2

90 RR'2
7SZ=TCH3
PS=PS*I.O0011
TS2=TS=IoOOOOI
GO TO 110

REGICN 3

100 KR=3
TSI=TS_.ggg9q

PS= PSe,Sgq88
TS2=TCHI
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C
C

C

REGICNS 2 AND 3

[|0 CALL ROCTX ( TSltTS2tSS. TPSF_TS )

CALL OENSIItTSePStOSpZEtZEtKR)
C=DS*DCCNV(KU)

VERIFY REGION

IF (PS-PCH21 120_120,150
150 IF (TS-TCH2) 170e[TO_160
[60 KR'2

GO TO 120
170 KR-3
120 TsTS*TCCNV(KU)

RETURN

ENO
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S IBFTC TSI-F |
FU_CT iCN TSHFITSI

£ .......... VERSION MARCH 1_1972 .............
CCJa_ON/PI'ICALL/PSeHS tSS
KRmO
(JILL OENS||,TS,PS,13SeZE,ZEtKR)
CALL GJ_TI'I(I,TS,DSthSC)
T SHFzHSC
aETURN

ENTRY TPSF( TS )
KR s 0

CALL O£hS ( Ji, TS,PS,OS,ZE ,ZE ,KR )
CALL FNT(|t'IS,DSqSSC)
TPSF = SSC
T SHF= I PSF
REIURN
FNC
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$1BFTC CIPPRL 1
SUBRCUT INE

C
CPPR L | KU. T e CeCP ,C V,GAHMA,C)

................ VERSION MARCH ltlg]r,?. ...............

THIS SUI_ROUTINE RETURNS THE FDLLOUIN_ TO WASP [h USERS UNITS,,,
SPECIFIC HEAT AT CONSTANT PRESSURE =CP
SPECIFIC HEAT AT CCNSTANT VOLUME =CV
SPECIFIC hEAT RATIO =GAMMA
SONIC VELOCITY : C

TI_E PARTIALS PTV AND POT EXPLAINED BELOd ARE RETURNEO IN COMMON.

R_OSI, T S*TSt, C 02 T2O
TAUJ

COIIMONtCOCPDI COCI,COC2,COC3
CDltMCNIS[ COFI CI,C2.£3tCk,C5
COMMON /PARTLS/ PTVtPDT
Cf_MMON/CON STSI TAUC ,RHea eRHOB, TAUA,E ,R
Ct')F NON/CON V6/SCON V (S)
CDMMI_ N ICO hV 51CCOh ¥( S )
COMII_NI i ERRDe. I [ROUT
IRCUT:8
T S"' TC HICK I KUtKR,T )
TT" LOOO.IIS

DSI OCHECK (KUt O )
CALL QIIUST ( OS )

CALL QNUSTg(TS)
CO2T2DuQ2T3CITS)
CO(ALC'GCALCI TS )
CO.C 1=DOT ( OStTS )
CG.T C"QTD( 1 S )

CQ2OT:,, q,gOT ( DS. T S)
CCI.202T=O2C3T i OS tT S)
CV - -_._C3*TT+C¢/TT-C 5-

C_- PT¥ IS PARTIAL OF P BY T INOT
C--- POT IS PARTIAL OF P BY RHO

PTV=R_CS_II.eOSAICUCALC÷OS*CQOT-TS_(CQTD+OS_CQ2DT))I
POT_R*TT*I|.eOS*I2°*COCALC+DS_I6.*CQDT+OS*CQ2D2T)|)

OhOT-- _ .*C 3el T+C6/TT-C 5+R_( I • ÷DS_( COCALC +D S_COOT-T S_ i DS_C O2DT+
ICGIC.T S*CG2T2D) ! )

OHDD,,.R • I TT*CQC ALC • iO00 .*CO TD_O S_ I T T_ I 3 o _COOT*D S*CQ202T J+10 O0 •
ICG2D11 i

CP s DFOT-DHCCe|PI.¥/PDT)
GAN_A-CPICV

CF-CPtSCONV|KUI
CVsCV:SC.4]NV|KUI
GAMMAPaGAMMA S lOee POT
CS=0.O
IF ( GAMMAP.GT. 0.O) CS=IOOO.@SORT|GAMMAP)

C= CS_CCCkVIKU)
RFTURN
END
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tIBFTC SRTNSB

SUBROUTINE SURFIKU,KRtTINtSURFTI
......................... VERSION MARCH 111972 ...................

THIS ROUTINE CALCULATES THE SURFACE TENSION OF LIQUID NATER AND
THE LAPLACE CONSTANT

COMNONIIERRORI[ROUT
CONMONICCNVg/STCONV(5)
COMMON ILAMLACI ALC
DIMENSION i(S)
DIMENSION X(S)
DATA IAII)_IultS)IB_TK 10.11609368 , 1.1214047 E-3t -S.752B052

[E-6t 1.2862766 E-Be -t.1697193 E-ILt 0.83t 667.30 I
C---UNITS OF G - HiS°e2

DATA G / 9.80665 /
|ROUT-||

C---T IS DIG K
TAUsTCHECKIKUtKRITIN)
T - IO00t/TAU
SURFTsO.O
ALC-O.O
IF (ToGT.TK) RETURN
X(|l- TK-T
X(2)- X(1)_X(l)
X(3)- X(2)_XI1)
X(4)- X(3)_X(I)
X(5)- X(41eX(l!
Y - (A(I)eXIZ))/II.0_B_X(II)
DO I N"2t5

I Y - Y+A(N) • X(N)
SURFT " Y

C--- UNITS OF SURFT MUST BE DYNEICN
C--- UNITS OF ALC iS NN°

TR" TIb_7,30
IF (TReGTe °qgs) GO TO 2
CALL OENS(KUtTAUt'[EtZEtOLtOV,tl
ALC " SQRT (SURFTI (Gt ABS |tN.-DV)elO00. ) I

C---CONVERSION FACTOR FOR RESULTS TO BE IN MN AS IN THE TABLES
2 ALC " ALC • 31.622777

SURFT'SURFT_STCQNVIKU)
RETURN
END
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$IBFTC DTH

C
C
C

FUNCTIGN DTHERM(XLM)

FUNCTION USED TO SOLVE EQ,(B52| FOR THERMAL CONDUCTIVITY

COMPONIITERAT/TRtIO, TltT2tT3tT6,T5,T6tT7tT8
DOUELE PRECiSiON TOtTItT2tT3tT6,TStTbeTTtT8
TCALCm(XLM_(XLN_(XLM#(XLM_(XLM_(XLM_(XLMtT8+T7)+Tb)+TS)+T6|+T3)+

1T2)+T1)tXLM+TO
DTHERMmTCALC-TR
RETURN
ENTRY DDTH(XLN)

DERIVATIVE USED TO SOLVE EQe(B52) IN NEWTON RAPHSON ITERATION

CDTH-IXLNt(XLM*IXLMt(XLMtIXL_[XLN_8o_T8÷7._T7)÷b.tT6)÷5.tTS)+
14._T6)_3.tT3)÷2.tTZ)*XLN÷T1

DTHERM'DDTH
RETURN
END
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SIBFTC STHCND

C
C

C
C
C
C
C
C
C

SUBROUTINE THERMI_UtKRtPINtT|NtDINtEXCESKeTCOND)

DATA
1
2
3
4
5

DATA

........ VERSION MARCH 1e1972 .........
SUBROUTINE CALCULATES THE THERMAL CONDUCTIVITY IN INTERNAL
UNITS OF MICM-K AND CONVERTS TO USERS UNITS

EQUATICNS ARE THE INTERNATIONALLY AGREED UPON ONES IN REGIONS
_HERE SANE ARE AVAILABLE AND ARE PROPOSED EQUATIONS IN OTHER
REGICNS.

THE NEAR SUBCRITICAL REGION IS THE AUTHORS FIT

COMMON/CCNVB/KCONV(5)
COFMON/IERRDR/|ROUT

COMMON/ITERAT/TRITOtTItT2tT3tT4,T§tT6eTTtT8
REAL KCCNV

CCMVON /CRIT/ RHOCRTtPCRTeTCRT
CC_MON/TPARAM/TAU
EXTERNAL OTHERMeODTH
DIMENSICN CFCISt2)

DATA CFC/--S786154Otl.45746404, o[TOO697Bt.13348045t .32783991E-[t
X-eTO859254,o94L31399,.64264434E-O[t[.85363188tl.98065901/

DOUBLE PRECISION PROP

DOUBLE PRECISION AS(S)tBS(4|tCS(4)t TItSUM[tSUM2ISUM3

DATA AOtAIeA2tA3tA4/-e[7384732,eB23SO372t-XoS5213983e-.1262613B,
1 2.03922425 I

DATA AS ! -.92247000C0 • 6.728934102 , -10°X1230521, 6.996953832t
£ -2.316062510 I • B5 / -.2095427600• 1o320227345,
2 -2.485904388, 1.517081933 / •

3 C5 / .08104183147, -.451385802T ,.8057261332,-.4668315566 /
DOUBLE PRECISION AlO(2)•BIO(2),C10(3),DIO(b)tA•B,C,TlltT22,T33

DATA AlO / .01012472978, .05141900883 /eBIO /663742.6916t
| 1.388806409 / , C10 / 338855.7874e 576.8000000, .2060000000 /,
2 010 I .000002100200454, 23.94090099, 3.458000000,13.63235390 ,
3 .O1360000000t .C07852600000 /

DOUBLE PRECISION AB(9)tBB(9),C8 ,Eg(3),TOtT2tT3•T4tTStT6•TT,T8
AO I 1°365350409t -4.B02941449_ 23°60292291, -51.44066584,

38°B607260g, 33.476L7334t-lOloO36928B, 101.2258396,
-45.69066Bq3 / •

B8 / 1.514476538• -19°58487269, l13e6782784, -32To0035653•
397.3645617, 96.82365169,-703.0682926, 542.9942625,

-85.66878481 / , C8 / 1o017179024 /
E9 / 50.60225796 , -105.6677634 , 55°q6905687 /

IROUT-10

PMN-PCHECK(KUtKR_PIN)
TAU-TCHECK(KUtKR•TIN)
DS=DCHECK(KU•OIN)

C CONVERT TAU AND PMN TO VARIOUS UNITS
TK'IOOO./TAU
TR " TK/TCRT
T • TK-273.15
PEAR • PMNtlO°

PR-PMN/PCRT

C---CUT OF RANGE CHECK ON PRESS ANC TEMP.

IF (PBAR.LT. 1.0 .OR. PBAR.GT.500.) MRITE(6,1§I) TIN,PIN
IF (T.LT.O.O.OR.T.GT.7CO.) WRITEI6e151) TIN,PIN

151 FDRVAT (1HO• 5H T •,FI2.6•BH OR P =•F12o4• 64HIS OUT OF RANGE,
1RETURNED THERMAL CONDUCTIVITY IS EXTRAPOLATED )

CHECK FOR REGION I

IF (T. LE.35O..AND.OS.GT.RHOCRT) GO TO 100

l
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4
5
6
7
B
9
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ll
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13
14

15
16
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24
25
26
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28
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33
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35
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4O
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42
43

44
45
46
47
48
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52
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54
55
56
57
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5q
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61
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C
C
C

C
C
C

CHECK FOR JAGGED LONER BOUNDARY OF REGION IIIOR UPPF.F. PART
QF REGION II

IF (PBAReGT,450.,AND,T,LTo550o) GO TO 80
IF (PBARoGT.350.oANDoT.LToSO0.) GO TO 80
IF (PBAR.GToZTSo,AND°ToLTo650o) GO TO 80
IF (PBAR.GT°225°°AND.T,LT.625°) GO TO 80
IF (PBAR°GT,lTS°.AND°T.LT.600°) GO TO 80

EQUATICN (B40) FOR P'l°0 BARS

10 Vl - (17.6 ÷.0587tT÷°OOOlO4tT_T -6.51E-O8_TsT_T)/lO00.
IF (PBAR,GT.loO00| GO TO 20
TCONO-VltKCDNV(KU)
GO TO 500

EQUATION (866) FOR REGION II.
20 ANS=(IlO3.51+.4198_T-2.771E-OS_TeTItDS+2.|4821E+lT/(Tet4.2)tOS,DS

1)/1000.÷Vl
TCOKO:ANS_KCONV(KU)
OO TO 500

REGION I CALCULATIONS

100 CALL PSSS(PS)
PREDD = (PWN-PSIIPCRT
SUNIu(((AS(5)_TR+AS(4I)eTR+AS(3))_TR+ASI2))_TR÷AS(I)
SUN2-((BS(4I_TR+BS(3))_TR+BS(2))STR+BS(I)
SUN3-(IC_I4I_TR+CS(3IItTR+CSIZI)_TR+CS(1)
TCDNO-(SUNI + (SUM3_PREOD + SUN2)tPREOD )_KCONV(KUI
GO TO 500

CHECK FOR REGION Ill-USING BOUNDARY EQUATION (B54) NHICH DIVIDES
REGICNS Eli AND IV,

THEN SEPARATE HATCHED REGION MHERE NO EQUATION EXISTS FRON RENAINDER
OF REGION IV

80 IEGUA'IO
IF(T.GT.650.) GO TO 300
PBDUND'Eg(I)+E?(2)_TR÷E9(3)_TRtTR
IF (PR.LT.PBOUND) GO TO 300
IF(TK. LT.TCRT.ANC.DS.LT.RHOCRT) GO TO 600
IEQUA'8

EQUATION (B52) IS SOLVED BY ITERATION

200 RTR-O
PROP-PR
CONBPRDP-C8
TO = A8tl)+ CONtB8(1)
TI - A8_2)÷ CDNtBB(2)
T2 - A843)÷ CDNe88(3)
T3 = A84 6)+ CON_88(6)
T4 = A8qS)+ CDNtB8(5)
T5 = A816)+ CONtBB(6)
T6 - A847)+ CGN_BB(7)
TT - A8 8)+ CON_BB(8)
T8 = A819)÷ CDN_BB(g)
OSE CONDUCTIVITY BASEC ON BOUNOARY AS INITIAL EST[MATE
PPR = PR
PR'PBOUND
GO TO 300
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65
66
67
68
69
70
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86
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100
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106
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C
C
C
C

C

C

C
C

C

21O PR=PPR
XH[=,55

X=(ANS*3,÷XHI_2o)IS,
[FIPR. LE°X.O5oAND,TR,LE,[,05) XzANS+.O05

TCOND=SOLVEIXtDTHERMtCDTH)*KCONV(KU)

THIS EQUAT[ON DOES NCT ALWAYS CONVERGE NEAR THE BOUNDARY WHERE
IT SHOULD, SWITCH TO AUTHORS EXTRAPOLATION IF THIS HAPPENS,

IF |TCCND.LE.OoO) GO TO 400
GO TO 500

300 DCN=I.OD+O
B=(810(l) _PR_l.631 # (CON+BIO(2I _PR*_3.261
C- (C10111 *PROWl.5 ÷ CIO(2)) / B - ClO(3l
CSP=C
TEST = DCN-B*D[OI|I/TR**7

TZ[=(A[O(Z)_PR÷AIO(2)J_TR_Z,6651TEST_CSP
T22= DZO(2)_PR_e4 eEXPi-9.0_DIO(3|e(TR-[.OJ)/(OON÷D|O(6J

T33= OLO(5l - OLO(61 _PR *EXP(-DLO(3) * (TR-I,OI)
ANS = T1L + T22_T33
IF (|EQUAoE_,B) GO TO 210
TCCND=ANS*KCONV(KU)
GO TO 500

HATCHED REGION WHERE NO EQUATION EX[STS IN THE REFERENCES,

AUTHORS OWN EQ USED HERE N[TH 1 BAR EQ°
600 V1 = ([7,6 +.O5BT*T+.OOOIO4*T*T -4.5[E-OS*TtT*TIILOOO.

XX- ALOGIO(DS#RHOCRT)
KJ'1
IF (XX.GT°-.39794) KJ'2
Y'CFC(LtKJ)+(((CFC(StKJ)_XX÷CFC(4tKJ))_XX÷CFC(3oKJ||#XX

1 +CFC(2,_J))_XX
TCDND=(IOottY+VI)_KCDNV(KU)

500 CCNTTNUE

REACT]NG CCNDUCTIV[TY IN THE NEAR CRITICAL REG[ON BY SENGERS

DRHGC = ABS ( DS - RHOCRT ) I RHOCRT

DELAMB=O,
[F(DRHOC.GT..6) GO TO 520

DELTC = ABS (TR-I.)
RAT= DS/RHCCRT
IF (DRHDC.LT,I,E-6) GC TO 510
IF (OELTCoLT.I.E-T) GC TO 502
XBETA = DELTC_,35/DR_OC
IF (XBETAoGTo.6) GO TO 506

502 DELAMB= 11.6E-5 / (SQRT(RAT)eDRHOCt_Io71)
GC TO 520

506 ]F (XBETA.GT.3.) GO TC 510
XB= ALOGIO(XBETA)
ARAT= (((A4*XB+A3)_XB+A2)*XB+AII*XB÷AO

OELAHB=ll.6E-5/(SQRT(RATI_DELTC*t.6)_lO._ARAT
GO TO 520

510 IF (DELTC.LToI.E-7| GO TO 525
DELAME = 11,6E-51(SQRT(RAT)*DELTC_*.6)

520 EXCESK= DELAHB
RETURN

525 EXCESK =1.E30
RETURN
E_D
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157
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160
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sIHFTC bYVISC

SU_REIJTIhF VISCIKUtKR,TIN,PIh,CIN, SVISC)
C VERSION MARCH 1,1912 ........

CALCtJLATE ThE _ISLGSITY GIVEN TAU,P,ANU O IN bSER-S UNITS &U.
ANSWER RETURNED IN USEr-UNITS IN SVISC,

CCMMGNIIERRERIIROLT

CONMONICRIII RHCCRT,PCRI,ICRI
CGMMON /TPARAM/ TIN

CCMNONICCNV71MCCNV|SI

REAL NCLNV

DIWENSILN AIS),e|3),CI3I,D|31,COF(5,2I

OATA IA(I),I=I,SI 12_l.400G,O.3B2d2095,0.21628302tO. l@gBa94,

1 0-A1ll880l / ,

2 IOil),I=|,3) 1263.451|,O.6219836,80.4000 l .
3 (CIII,I=It3) I 58_-11_87, 1204-753941 0.4219836 It

4 (DII),I=I.3) / 111.35647, 67.}2080L,3.2051670 i

DATA C_FI-6.4556581.1.3949436..30259083..IO960682,.I52_UU31E-OIo
i-6.4008381 ,1-61633210,1-C7C97705,-13.938t30.119832 /

C---TK IS DEG K, T IS OEG C. TR IS REOUCEU TEMP
TK=IOhO°/TChECKIKU,KR,TIN|
T . T_- 273.15
TR=IK/TCRT

C_-P IS HIRS. PMN IS NEGA NEWTGhSIN*N ,PR IS REDUCED PRESSURE
PM_=PCbECK[KU,KR ,PINJ
P = lO,O*P_h
PR=FMNIPCRT

DO IS GtCC, SPVR IS REDUCED SPECIFIC VCLUNE.
I)D=DCHECKiKU.DIN)
SPVR= RHOCRT/DO

CMECK F_R CUT _F RANGE ON P AND I

IF I P .LY. ,99 .OR. P °GT. 800.01) WRITE|b,IOL) T,P
IF ! T °GT, 800.0 .OR° T .LT. O,O ) WRITEI6,101) T,P

|OI FO_MAT(IH ,48H OUT Ok RANGE. ANSWER IS EXTRAPOLATED FOR T-
I,FI2,4, 4H P= _F|2.4)

IF |DD.GT.RMOCRT.AND.T.LT.300.) GO TO lOO
GO TO l 10

C
C REGION I

C---F_R TEMP-- 0 To 300 CENT AND PRES'---PSAT TO 800 BAR
{

IOC Xl = 10.0 _IA(_)IITR-A|3)) )
CALL PSSSiPSS)

PSR=PS$1PCRT

X? = I.C + | PR-PSRI*A|4)_ITR-AI§) I

SVISC : IAt|) Ill IX2 1/10.Ollb _NCONVIKU)
REIURN

CALCULATE VISCOSITY FOR 1.0 BAR NEEDED FOR REGIONS If,Ill,IV

liO VISCI=(flI|)#ITR-Bi2)I÷B(])}
IF (P.LE.I.D) GO TO |OOO

OF/OK FCR TEI4PE_ATURE WANGE tlHERE NO CURVE EXISTS

IF (T.GE.]OOo.AND.T.LT.37_.|S) GO TO 400

IF (Ol).LT,RI.OCRT,AND.T.LT.300,) GO TO 200
GC TO 300
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(
C REGION |!
C--- FQR PRES N | TO PSAT BAR ANO lO0 TO 300 CENT
C

200 SVISC - IVISCi - I.OISPVR*(C(I)-CI2)$1TR-Ci3I)I|/AO.$*b*MCONV(KU)
RETURN

£

C REGICN |_|
C'---FCR FRE$ _ I TO BOO BAR AND 375 TO 800 CENT

£
30G S¥1$C =(V[SCL • D(IIISPVR _DI21dISPYR_SPVK| ÷ O(311(SPVR_SPVR$SPVR

I ) It|GoOeY6 SNCGNVIKUI

RETURN
C
£
£

AUTI-ORS EXTRAPCJLATICN USErl FOR REGION IV

400 X-ALCGIOIIolSPVR)

K./-I
IF IX,,,GTo-oI?4938131 K,Jt2

Y_ X_|X$IXIIX_CI_FIStKJI_COFI4oKJII÷COFI3eKJII_COF[2_KJI)tCOF[ItKJ)
S¥ 1SCslV ISCll I .E6.t.|O ._l, eI Y.t. | • I / .OI.92,1_NCONVIKU)
REIURN

|OOG $¥1SC=_iSC|I|O._$6$NCGNVIKI,)
RETURN
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FLOW CHART FOR SUBROUTINE WASP

_S Enter R_ubroutine WASP (KS, KP, TT, P, D, H, K

t Convert TTto _ (eq. B6)

/ Call DENS _ KS:I KS=5 /call TEMPPSX

< (KU, T, P, D, _ _ ---((KU P S T D.)

/ Call PRESS X I _'" / Call TEmPPH\

< _KU.t. D, > I <(KU,P.., t, D,>
\ P, Km / _ \DE, DV.KR)/

I / Ca, \ l

/ Ca..eNtH \Yes_Ye\¥p._...- ,.n , -_ t_s J/s_ t /CalID_I c_ lENS X

(,x_KU, T, DL, HL___ = ' _kx(KDUL,,TI_vP,]D, /

k'_U T Iv-HT k'X_KU'T'_ID' H)/ _Yes ...-_vo_l"_...Yes / CalIENT

Note: KP is a binary sum, i.e., the addends No }No

are powers of 2, which are the individual KP _ CaHENI > _K CalIENT VI_options. Hence, each sum KP is obtained !KU, T, D, S) U, T, DV, S

from a _ set of addends.

!= i -_J
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c_tlcPPRL\ _ A

_ fca,,v,sc\
KU KR T P.')

_L,_uL_y
I

c,,,v,_G /_,,, v,_c\
KU, KR, T, > <(KU, KR, T p,>
_.D,_ul/\Dv,Mu,;_>
I

_,,,,._,_\./_ _'_
U, KR, P,T,_ KR= ! Y'_.!O m

/Call THERM\ /Call THERM_
<(KU, KR, P,T,_> ix(KU KR P T.'_

_v_._x_ ,__xc_'f

!

(t_ou reluFn

ser's program/

"/3



APPENDIXF

TESTPROGRAMWITHOUTPUT

The following tables have been generated by WASP to facilitate comparing results to

the ASME Tables (ref. 1} and the International Skeleton Tables (refs. 1 and 2). No at-

tempt was made to reproduce the entire reference tables; only a select number of points

were chosen at even intervals representative of the total range. The values in the fol-

lowing tables are in the same units and similar form as the reference tables. Results of

comparisons between the calculated and the tabulated values are discussed in the main

part of the text.

$[_FTC MTUASP

C
C
C
C
C
C
C
C

CCPMONIPRQPTY/KUtDL.OVtHLtHVtStSLtSV.CVtCVLtCVVtCP,CPLtCPVtGAMMA,
IGAMMALtGAPMAVtCtCLtCVP.MUtMULtNUVeK. KL,KVtSIGMAtEXCLIEXCVtEXCESK

DIMENSION PSIA(L2)tTFI|I)tVOL(|2tI[)tHQUT(|2tIlI.SOUT(L2tlI)
DIMENSION PBARTC(13).TCOUTI20t13).TCOUT2(3|,13)
REAL HU*RULpMUVpKtKLtKV
OIMENSIGN TI2OO),PI2OO).VL(2OO)tHVOUTI2OO),SVOUT(2OO)tHLOUTI200)

I.SLOUT(ZOg),VV(200)
DIMENSION PNEARII2)tTREAR(61
C_MMON/LJPLAC/ALC
DIMENSION PCPI1ZItTCPISI,CPARYI|2.S)
DIMENSION PBAR(7),TCENT(20).VOUT(20,7)tPSVS(I§ItTFVS(31),VOUT2(31,

115)

MASTER TEST PROGRAM FOR WATER AND STEAM PROPERTY PACKAGE

PART I

COMPARE SATURATION PROPERTIES OF ASME STEAM TABLES PAGES 83-88
AS A FUNCTION OF TEMPERATURE 35-705F IN INCREMENTS OF 1OF

ID

KU-3
NPTtl
T1-694.
RR-I
PI-O.O
CALL WASPII,3_TI,PltRHO,H,KR)
TINPTIuTI-460.
P(NPT)'P1
YL(NPT)sI.IOL
YV{NPT|-|./OV
$LGUT(NPT|-SL
$¥DUTINPT)'SV
HLOUT(NPT)uHL
HVOUT|NPT)=HV

1
2
3
4
S
6
7
8
9

10
11
12
13
14
15
[6
17
18
19
20
21
22
23
24
25
26
27
28
2q
30
31
32
33
3_

74



NPT=NPT÷Z
TL=TL+12.0
IF (TI.LE.|165.)
NPT-NPT-I

GO TC lO

PRINT SATURATICN RESULTS
NRITE(6jl)
FOR_ATIIHI,51H COMPARABLE TO ASME TABLE NO. 1 PAGES 83-88 )
_RITE(6t2)
_LIN'O

DO 20 J'ItNPT
_J'NPT-J+I
NLIN'NLIN÷I
MRITE(6_3) TIJJ|tP(JJJeVLIJJ)tVV(JJJtHLOUT|JJ|eHVOUTfJJJtSLOUTfJJ)

IISVDUTIJJ)
IF (NL|N.LT°50) GO TC 20
NLIN-O
MRITE(btl)

WRITE(6i2|
2 FDRMATIIHO,90H T-F P-PSIA VL FT3/LBM

IBM HV SL BTUILBN-R SV
3 FOR_AT(IH FSoOtFlO.4t2FI2.612FI2o3e2FI2.6)

20 CONTINUE
WRITE(6t21)

21FOR_AT(IHI)

VV HL BTU/L
I

PART 2 ASNE TABLE NO. 3 PAGES 97-203

PROPERTIES OF SUPERHEATED STEAM AND COMPRESSED MATER
TABLE IS 2 PAGES 32-TBOF ANO 750-1500F
FOR EACH SET OF ISOBARS

MILL COMPARE 12 ISOBARS FOR VARIOUS TEMPERATURES

DATA PSIA/1.OiB.0t25.tlOO. t200°,500.,lOOO°t1500._2000.wBO00o,10000
I.,16SO0.!

DATA TF/32.tBOotlOO. tlBO.t30O.tBOO.tTOO, t900.,|lOO, t1300.tlSO0./

DC 50 l'ltll
TIN=TF([_÷660.
C0 65 J=l,t2
KR'O
KU-3
CALL MASP(I_3pTINePSIAIJ)ID,H_KR)
IF IKR.EQ.1) GO TO 65
¥QL(JI[I_I./O
HCUT(J,I)=H
SDUT(JtII=S

65 CDNlINUE
50 CONTINUE

WRITEIbt_I |
MRITE(6_62)
CD 60 J'1,12,3
_RITE(b,66) PSIA(J|,PSIA(J÷I),PS|A(J_2)
OO 60 l=l,ll
WRITE(6t43) TF(1)eVOL(J,I),HCUT(JII)tSOUT(JtI),VOL(J_I,I)tHOUTIJ+I

I,I),SOUT(J+I,I),VOL(J+2_I)tHOUT(J*2tl)tSOUT(J+2,1)
61FOR_AT(IHI,2OX,3bH COMPARISCN POINTS FOE TABLE NO.3 )
62 FDRPAT(IHOt2OXtBTH (VOLU_EtENTHALPYtENTROPY| FOR PRESSURE LISTED )
63 FDRMAT(IH tF6oOe3(FI2.BtF|I°2eFEO°BI5X))
66 FCRPAT(1HOe6Xt3(FIO°O,BHPSIAt2OX))
60 CCNTINUE

PART 3 ASNE TABLE NC. 6 PAGES 208-220

PRCPERTIES OF SUPERHEATED STEAM AND COMPRESSED MATER IN
THE CRITICAL REGION

OATJ PNEAR/2860.,3OOO.,3C60.t3100.,3160°,3200.,3260.t3600°t3500.,
136DO.y3800._3960°/

35
36
37
38
39
60
61
42
43
64
65
66
4T
48
69
50
51
52
53
54
55
56
5T
58
59
60
61
62
63
66
65
66
67
68
69
70
7!
72
73
74
75
76
77
7B
79
BO
Bl
BZ
83
86
85
B6
87
88
89
gO
91

93

95
96
q7
98
9cj

100

102
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OATA TNEAR/bSO.,680°t7[O.,74C._770.,800.!

CC BO I=It6
TIN=TNEAR(l)+460.

CC 70 J=t,12

KR=O

CALL WASP(If3tTIN_PNEJR(J)tD_HtKR)

VCL(JtI)=L./O

IF (KR.E_.[) GO TC 70

FCUT(J_[}=_

SCUTIJtI)=S
?0 CCNTINUE

80 CCNTINUE

kRITE(6t8II

81 FCRMATIIHI,2OX,40H CEPPARISON POINTS FOR ASME TABLE NO. 4 )

C0 90 3=1112,3

WRITE(6,B2)

82 FCRMAT(lHOtZOX_47H (VCLU_EtEETMALPY_ENTROPY) FGR PRESSURE LISTED )

WRITEt6_64) PNEAR(J),PNEAR(J+I)tPNEARIJ÷2)

CC go I=116

_RITE(6143| TNEAR(I)_VEL(JtIi,HOUT(JwI)ISOUT(J_I)tVOL(J÷Lt[),HUUT(

IJ+I,II_SOUT(J+t_IItVCL(J+Z_[),HOUT(J+2, IIIS_UT(J÷2tI)

90 CONIINUE

PART 4 ASME TABLE NE. g PAGES 278-279

OATA PCPI[ .,4., I0. _30. _60. e 1_0. _ 200.,400., 1000., 3OCT,° t 60C0., lOOOO

1.I

DATA TCPI32. t 3C0., 700 o, [ I00. _ [500.I

leg FORPAT(IHZ_20X,42H CCMPARISOk POINTS FOR ASME TABLE NO. 9 )

WRI TE(6,IO9)

III FCRMAT|IHIp4.HPSIA,I214X,F6.O)IIHO,4HTEMPIt3H F /)

WRITE(6,1II) PCP

CC 120 I=1_5

TIN=TCP( I 1+460.

CC llO J=l,12

KR=C

CALL WASP(It4tTINtPCP|J| tD,H_KRI

CPARY(J,I)=CP

tIC CCNI INUE

WRITE(6tlI2) TCP(I )t (CPARY( J11 I tJ=l,12)

120 CCNT [NUE

112 FCR_ATIIHO,FS.0,12FIO.3)

3CC

32C

3C1

PART 5 VISCOSITY CHECKOUT

DATA PBAR/1.,50.,200.,35_.,5CO.,650.,800./

DATA TCENTILO.,50.,LO_.BI20._I40oeI60o_180.,200.,220.,2_Oo,260.,

12BO.,30O.,320.,3_O.t360.,400.,50O.,bOO. e700./

DATA PSVS/I.tZ°,5.,IO,,2_.,50.tlO0.,200°,500.,IOO0.,2000.:5000°,

1750C.,10000.,12000°/

DATA TFVS/1500.,l_50.e16OO.,1350.,13_O._1250.,i200°,llSO._llO0.,

l105_.,lOCO.,gSo°,goO.,B50.,8CO.,750°,700.,650.,bO0.,550.,500.,

2450.,400.,350.,3GO.tZSO.,200.,150.elOO°,50.,32./

WRITE(b,500)

KL=I

CE 300 J=l,7
FIN=PBAR(JIlIO.

CC _O0 I=1,20

IIN=TCENT(I)+273.15

KR=C

CALL WASP(I,B,TIN_PI_,CtP_KRI

IF IKR.EQ.]) GC TO 300

VCUT(I,J)=_U*I.E5

CCNIINUE

WRITE(6,30I)

kRITF(6,302) PBAR

EC 320 I=1,20

_R[IE(b,3q3) TCENT(I)_(VCUT(I,J)tJ=L,7)

FCRM&T(lHZ,42H VISCOSITY TABLE-INTERNATIONAL _COK

105

106

I07

IOB

109

ii0

III

112

113

115

116

It?

lib

llg

120

12[

122

[23

124

125

126

127

12g

I_0

1_1

132

133

L_4

136

137

13B

139

140

141

142

143

144

145

146

]47

149

tSO

I51

152

t53

t54

155

156

157

158

159

lh3

I_7

I_

17C

?6



C
C

C
£

3C2 FCR_ATIIHOtT(BX,F6.0tBHBARS )1
3C3 FOR_AT(1HO,FS.0pT(F12.2,6X))

MRITE(btSO0)
KU=3
CO 350 JtXtl5
PIN=PSVS(J|
CO 350 1"1,31
TIN=TFVS(I)+B60.O
KR=O
CALL MASPIItB,TINtPINtOtHtKR)
IF (KRoEQol) GO TO 350

THIS CONVERSION GETS FROM UINTS=3 OF
VOUTZ(I,JI=MU_l. E6_l.488163916.7880258

350 CONTINUE
NRITEI6t3§I)
WRITE(b,352) PSVS
CG 355 1_1,31

NRITEI6t353) TFVSIIItIVDUT2II,JItJ=I,15)
3§5 CONTINUE
351FORMAT(IHlt45H VISCOSITY-ASME TABLE NO°
352 FORMAT([HOeSH PSIAp2X,15FB°OtlISHO T-F
353 FORMAT(1H ,2XtFbo0tISF8.2)

PART 6 THERMAL CONDUCTIVITY CHECKOUT

36O

PROGRAM TO UNITS OF TABL

10 PAGE 280 I
I

CONTINUE
DATA PBARTC/l.tlO.,25.,_O. tlOO.,150, t200.,2SO.t300.,350.tBOO.t450.

1,500./
NRITE(6,500)
KU=I
CO 600 J_1,13
PIN=PBARTC(J)/IO.
CO 400 1"1,20
TIN=TCENT(I)4273oI5
KR_O
CALL WASP([tlbtT[NtPIN,OtHtKR)
IF (KR.EQ.I) GO TO 600
TCO_T(|tJ)=K_|.E6

600 CONTINUE
_RITE(6,601)
MRITE(6,k02) PBARTC
DO 420 1sl,20

620 NRITE(6,kO3J TCENT(I),(TCOUTiI,J|,J-I,13)
601FDRMAT(IH1,BbH THERMAL CONDUCTIVITY - INTERNATIONAL BOOK
602 FORPAT([HO,bHP-BARS, 13(2XtFT.OI/IHOt3HT-F)
603 FDRMAT(IHO,FS°Ot13F9°2|

WRITE(6t_O0)
KU=3
CO 650 J'1,13
PIN = PSVS(J)
00 650 1"1,31
TIN = TFVS(I)÷660.O
KR=O
CALL WASP (I,16,TIN_PINtO,H,KR|
IF(KR°EQ.1) GO TO 450
TCOUT2fI,J) = K t I. E3 • 3600.

650 CONTINUE
NRITE(bt651|
NRITEIBt352)IPSVS(IItI=l,13)
CO 455 I=1,31

455 WRITE(6,353) TFVS(II,(TCOUT2(IeJJ,J=I, 13)
_51FORPAT(1HI,20X,47H THERMAL CONOUCTIVITY-ASME TABLE NO.l| PAGE 281)

SURFACE TENSION ANC LAPLACE CONSTANT INTERNATIONAL 800K
PAGE 172 - TABLE 7

_RITEIbt681)

171
172
173
176
175
176
177
178
179
180
181
182
183
186
185
186
187
188
189
190
191
192
193
196
195
196
197
198
lO9
2O0
201
202
203
2O4
2O5
206
207
208
209
210
211
212
213
216
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238



C
C
C

DU 460 J'1e16
T! " TCENTIJ)*273.15

CALL HASP|lt32tTI,PltC,_tl)
480 WRiTEi6t682) TCENTIJ),S|GNA,ALC
48| FOR_AT|INIe20Xt75H ]NTER_AT|ONAL BOOK -- TABLE NO, Tt SURFACE TENS

1ION AND LAPLACE CONSTANT /IHOt24H T-C OYNE/CM NM /|
482 FQRNATIIH , F?.Ot F8.2, F8.3 )

ENO TEST PROGRAM

9C0 FORPAT(1Hll
STOP
ENO

239
240
241
242
243
244
245
24b
247
248
24':)
250
25:
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APPENDIX G

ME-TASTABLESUBROUTINE (PMETAS)

Although property measurements for other than stable states are very difficult to

make, metastable states are of interest in heat-transfer and fluid-flow calculations.

The fundamental equation

_/ : t_0(T ) + RT[ln p + pQ(p, T)]

represents a continuum of single-phase states between the saturated liquid and saturated

vapor states which can be classified as either metastable or unstable (as for the Van der

Waals equation). Consequently, properties of the superheated liquid and supersaturated

vapor can be determined. It is pointed out in reference 3 that between 300 ° C and the

critical temperature, the nonstable states as determined by the fundamental equation

have a single maximum and minimum. At lower temperatures, more than one pair of

extremum exists for which the authors of reference 3 attach no significance.

The subroutine PMETAS (KU, T, D, P, KR) is provided to illustrate to the user of

WASP how the metastable and unstable states can be determined. Given a density D and

a temperature T (KU and KR have their usual meanings) the pressure P is returned

P = pRT + pQ(p, _') + p2 aQ(#, T)
ap

The user can then formulate a locus of maximum and minimum points, as for the Van

der Waals equation, and determine if the point is stable, metastable, or unstable. (Note

that PMETAS will also return stable points provided D and T represent a stable point. )

Examples of the metastable and unstable loci are given as figures 14.
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C

C
C

C

C
C
C

C
C

$IBFTC PMETA
SUBROUTINE PMETAS(KUtTtCIPtKR)

4/I0-72

C

THIS ROUTINE CALCULATES PRESSURE FOR ANY T INPUT AND D INPUT.
THIS ROUTINE DOES NOT DEFINE A REGION AND IS NOT

CALLED BY -WASP-. THE USER CALLS IT DIRECTLY AND
IT CAN BE USED IN THE METASTABLE STATE.

COPMCN ICONV31PCCNV(5)
COPMEN /TPARAM/TS

COMNO_ /CONSTSI TAUC, RHCA,RHOB, TAUA,EtR
COMMCN /CHECKS/ £CHItCC_2,PCHI_PCH2,PCH3tTCHI_TCH2_TCH3tDST_TST_

IHSCHI,HSCH2
COMMC_ IIERRORIIRCUT

DS= CCHECK(KU,DI

IS= TCHECK(KU,KR,TI

IR_T= 2

ONE EQUATION FOR ALL REGIONS

CALL QMUST(DS)
CALL QMUST2(TS)
PS= ICOO.*R*DS/TS*(I.+DS*(QCALC(TS|+OS*QOT(OStTS)I|

gC P= PS*PCGNV(KUI
RETURn
END
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APPENDIX H

THERMODYNAMIC RELATIONS AND DERIVATIVES

The symbols Cp, Cv,
elsewhere in this report.

fined as follows:

A=E-TS

E

F=H-TS

K

V

H, P, R, S, T, and p have the same meaning as defined

The other symbols used exclusively in this appendix are de-

Helmholtz free energy or work content

internal energy

Gibbs free energy or free energy

equilibrium constant

specific volume

To illustrate the facility of the partial derivatives, Roder and Weber (ref. 17) give

five which are useful to engineers:

Specific heat input:

Energy derivative:

= pCp

(S)
_-_]V PCv p

Isothermal bulk modulus:

\aV] T \_o/T

9O



Volume expansivity:

The buck<t'_ut_dmat¢_rialnecessary to derive these andother parameters as the
Joule-Th¢,ms,,nc_ctficient

/]. -"

1

pCp

can be found in most thermodynamic texts.

WASP provides the partial derivatives (aP/_p) T and (OP/aT)p. With the aid of the

f,fll,,nt in_ thermoctynamic derivatives and the Bridgeman Tables, any thermodynamic

parameter can be found. The following thermodynamic tables were taken from refer-

ence IF,.

Differential energy formulas:

dE = TdS- P dV

dH=TdS+VdP

dA=- SdT- P dV

dF =- S dT+VdP

Maxwell relations:

S

91



T V

T P

Energy-function derivatives:

V P
=T

S T

0(_)=0(;)_-v
S T

P V

Heat-capacity relations:

V V

_ -___?v__(_'_
cp cv [_:_ _:_

Cp - Csa t k_-T]Pk-_/sat
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Effect of P or V on H or E:

T

Temperature effect on

T \ST/v

A F/T =- RINK:

=-R 81nK_ AH

8T T 2

Partial molal quantities, where Y

Yl =

is any extensive quantity:

/\

a/_l)P, T, n2, n3, .

m

Y=nlY 1 +n2Y 2+. . .

_" • ° ° _ 0
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q_b_e _ _.re $ur_n_Rrizeu _

T_ e so.C_lled _r_d_er_
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(aF) H = -(_H) F = -V(Cp + S) + Ts(DV_
\_1 p

(0A)H = - (0H)A :- \-_/pJ \/TT/p.J Pt-_-P) T

(SA) F - (0F) A -S \0P/TJ \_T/p
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TABLE I. - OPERATIONS SHEET FOR SUBROUTINE WASP a

COMMON/PROPTY, KU, DL, DV, HL, HV, S, SL, SV, CV, CVL, CVV, CP, CPL, CPV, GAMMA, GAMMAL, GAMMAV, C,

CL, CVP, MU, MUL, MUV, K, KL, KV, SIGMA, EXCL, EXCV, EXCESK

REALMU, MUL, MUV, K, KL, KV

CALL WASP (1_ KP _, _, % H, KR)
k X \ \ x

\ \ \ \ _- Region
\ \ \ \\ KR=0 Unknown, check KR returned

\ \ \ \ KR=I Saturation
\ \ \ \

\ \ \ x KR=2 Liquid
\

\ \ \\ \ KR=3 Gas and/or fluid
\\

\ \ \_ Enthalpy, J/g

\ \ x.._ Density, g/cm 3

\k... Pressure, MN/m 2

k_ Temperature, K

-- Thermodynamic and transport properties b

KP=0 Only P, p, and T returned

KP=I H Enthalpy, J/g; (H), (HL), (HV)

KP=2 S Entropy, 3/(g)(K); (S), (SL), (SV)

oA

Pe_)/

Liquid

Entropy, S

KP=4 C v Specific heat at constant volume, J/(g)(K); (CV), (CVL), (CW)

Cp Specific heat at constant pressure, J/(g)(K); (CP), (CPL), (CPV)

), Ratio of specific heats, Cp/Cv; (GAMMA), (GAMMAL), (GAMMAV)
c Sonic velocity, cm/sec; (C), (CL), (CVP)

KP=8 _ Dynamic viscosity, g/(cm)(sec); (MU), (MUL), (MUV)

KP=16 k Thermal conductivity, W/(cm)(K); (K), (KL), (KV)

KP=32 c, Surface tension, dyne/cm; (SIGMA)

t__ Input specification of independent properties

KS=I p = f(T, P); given T, P find p

KS=2 P = f(T,p); given T,p find P

KS-3 T = f(P,p); given P,p find T

KS=4 T,p = f(P,H); given P,H find T,p

KS=5 T,p = f(P,S); given P,S find T,p

aNotes:

1. The units indicator, KU, must be set such that 1 _ KU _- 5 or no valid property values can be determined. See table I|.

2. Reset KR , 1 for each call to WASP to be assured of nonsaturation calculations (unless T = Tsat and P = Psat ).

3. Sample problem:

COMMON/PROPTY/KU, etc. (as above)

REAL MU, etc. (as above)

KU=I

KR=0

T=773.0

D=0. 178

Call WASP (2, 31, T, P, D, H, KR)

WASP will return P = 40. MN/m 2, KR = 3, H = 2902.4, and the following values in COMMON: S = 5. 4689, CV = 2. 4503,

CP = 5. 7893, GAMMA = 2. 363, C = 57415.4, MU =0.3682×10 -3, K=0.1534xI0 -2.

bKp input is _ KP options if more than one property is requested. For example, if enthalpy and entropy are desired, set

KP equal to 3.
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TABLE II. - UNITS SPECIFICATION

Physical quantity

Temperature

Density

Pressure

Enthalpy

Entropy, specific heat

Sonic velocity

Dynamic viscosity

Thermal conductivity

Surface tension

KU=I

K

g/am 3

MN/m 2

joule/g

joule/(g)(K)

am/sea

g/(cm)(sec)

joule/(cm)(sec)(K)

dyne/am

Units specification

KU=2

K

g/am 3

atmospheres

joule/g

j oule/(g)(K)

am/see

g/(cm)(sec)

joule/(cm)(sec)(K)

dyne/am

KU=3

o R

lbm/ft 3

psia

Btu/lbm

Btu/(lbm)(°R)

ft/sec

lbm/(ft)(sec)

Btu/(ft)(sec)(°R)

lbf/ft

aKU=4, 5 permit the user to work in other units; however, the proper conversions

must be entered into BLOCK DATA. To add special set of units for KU=4 or

KU=5:

(1) User's program must contain following COMMON

/CONV 1/DCONV(5)

/CONV2/TCONV(5)

/CONV3/PCONV(5)

/CONV4/SCONV(5)

/CONV5/CCONV(5) or modify BLOCK DATA subprogram directly

/CONV6/HCONV(5) _(See appendix E for listingof BLOCK DATA. )

/CONV7/MCONV(5)

/CONV8/KCONV(5)

/CONV9/STCONV(5)

REAL MCONV, KCONV

(2) Store conversion factors in fourth and/or fifthposition of each array such

that (D in input unit desired)/DCONV(4) = g/cm 3, etc. All conversion

factors must change input to units of KU=I. For output then,

(D in g/cm3)*DCONV(4) = (D in desired units).
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TABLE III. - PROGRAM ASSEMBLY

Other user subroutines

_" t-- Calls to subroutine WASP

I"" _ KU=, KR=

1/"_/ _- 1-- L REAL MU, etc.

I-"-- COMMON/PROPTY/, etc.

. _ _ _ _ Beginning of user's property subroutine

..... User's main program

_ _ Job control cards and WASP subroutines

The subroutines in WASP may be loaded in any order with respect to the

user's program. To run successfully, there must appear in at least one

user subroutine the following:

(1) COMMON/PROPTY/, etc.

REAL MU, etc.

(2) KU=l(or 2, 3, 4, 5)

(3) Other input variable specifications

(4) Calls to subroutine WASP

The COMMON/PROPTY/, of course, must be in the main program or

subroutine where the user expects answers to be returned from WASP.

It could be in several or all user subroutines.
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TABLE IV. - COEFFICIENTS OF Q-FUNCTION, _0-FUNCTION, AND VAPOR PRESSURE CURVE

(a) Coefficients of Q-function

I

2

3

4

5

6

7

8

9

i0

J

1 2 3 4 5 6 7

Coefficients, Aij

29.492937

-132.13917

274.64632

-360.93828

342.18431

-244.50042

155.18535

5.9728487

-410.30848

-416.05860

-5.1985860

7.7779182

-33.301902

-16.254622

-177.31074

127.48742

137.46153

155.97836

337.31180

-209.88866

6.8335354

-26.149751

65.326396

-26. 181978

0

Ir

-137. 46618

-733. 96848

-0. 1564104

-0.72546108

-9.2734289

4.3125840

0

i
6. 7874983

i0.401717

-6.3972405

26.409282

-47.740374

56.323130

0

IF

136. 87317

645. 81880

-3.9661401

!5.453061

-39.142470

29.568796

0

r

79. 847970

399. 17570

-0.69048554

2.7407416

-5.1028070

3.9636085

0

,f

13. 041253

71. 531353

(b) Coefficients of

_0-function

i Coefficients C i

l 1855.3865

2 3.278642

3 -.00037903

4 46.174

5 -I.02117

(c) Coefficients of vapor

pressure curve

i Coefficients D i

1 2.9304370

2 -2309.5789

3 .34522497xi0 -I

4 -. 13621289xi0 -3

5 .25878044xi0 -6

6 -.24709162xi0 -9

7 .95937646xi0 -13
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TABLE V. - NECESSARY AND OPTIONAL ROUTINES

(a) Necessary routines

NAME (* indicates multiple entry) Reason

BLOCK DATA Stores coefficients for the fundamental equation

*(CHECK, TCHECK, PCHECK, DCHECK) Performs region and limit checks for all subroutines; con-

verts user's units to internal program units

ROOT Mathematical routines used in all iterative solutions neees-

ROOTX sary to calculation of properties

SOLVE

QCALC

* (QMUST, QMUST2)

QTD

* (QDTA, QDT)

Q2T2D

* (Q2DTA, Q2DT)

* (Q2D2TA, Q2D2T)

Q-function and derivatives used in equation-of-state calcu-

lations (See equations used by all KS and KP options. )

DENS Used for KS=I request and to determine region number for

PSSS most other KS and KP options

*(DSF, DDSF)

(b) Optional routines

NAME (* indicates KS or KP option in- Statement numbers Additional conditions for removal

multiple entry) volved in subroutine WASP

PRESS KS=2 20 None

30 Must also remove TEMPPH, TEMPPS,TEMP

TSS

*(TSSF, DTSSF)

*(TSF, DTSF)

KS=3 (also KS=4 and

KS=5) 40

45

TSHF, and TPSF

TEMPPH KS=4 40 None

* (TSH F, TPSF)

TEMPPS KS=5 45 None

*(TSHF, TPSF)

ENTH KP=I (also KS=4) 60 Must also remove TEMPPH and TSHF

4O

ENT KP=2 I00 Must also remove TEMPPS and TPSF

KS=5 45

CPPRL KP=4 130 to 140 None

VISC KP=8 160 to 170 None

THERM KP=I6 180 to 190 None

SURF KP=32 240 None
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10-2 _

Region 1

,- Region represented
[\by "data" points on

'_S figure
whereReg ion
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able (region 4) ",_..: 80 MN/m 2
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P • O. 1MNtm 2

360° C,
18.675 MN/m 2

16.535 MN/m 2
= 330° C,

12. 86 MN/m 2

D

=320° C,
o 11.289MN/m 2

• 310o C,
g. 87 MN/m 2
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P,

MNIm 2

iData from ref. 2. ]

o 80 o 35

o75 c_30

o 70 'q 25
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v 55 o i0

>50 a5

<45 _- 2.5
040 '_ 1

Curve from program WASP

Vapor l
• LiquidJ Saturation locus

I _ I ,I,I,I
10

Figure L - Excess viscosity as function of reduced density for region 563 K < T < 673 K.
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